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16398 HIGHWAY SAFETY APPURTENANCES 


1966; Highway safety standards; Highway signs; device 
Safety engineering; Safety factors; Safety standards; State of the art studies; EP on eces 


2 


apsTRAcT: To reduce the horrendous toll on our nation’s roadways, (50,000 

fatalities per year) highway agencies, researchers, and industries are responding 
_ effectively to safety legislation by Congress. Among the many safety initiatives taken 
_ was the systematic installation of forgiving appurtenances developed to reduce the 


é 17, 000 - 22,000 deaths involved in errant vehicle collisions. Statistical data, for errant 


vehicle roadway departures and for accident-frequency collisions with the existing 
roadside obstacles, define the enormity of the problem confronted. Traffic railings and 
impact attenuators both as the si as protective safety 


EFERENCE: Tamanini, Flory J. (Research Consultant, 
c., 1104 Vassar Road, Alexandria, Va. 22314), “Highway Safety Appurtenances: __ 
ate-of-the-Art,” Transportation Engineering Journal, ASCE, Vol. 107, No. sta 
roc. Paper 16398, July, 1981, pp. 385-399 


16389 VALIDATING AIRPORT SIMULATION MODELS Lee 


KEY “WORDS: Airports; traffic; transportation; Computer 


applications; Computerized ‘simulation; ‘Data analysis; Logistics; Models; 


Model studies; ‘Sensitivity analysis; Simulation models; Statistical 

| ABSTRACT: A procedure is presented for validating an airport simulation model. The 

emphasis is on basic principles of validation and inherent problems in comparing 
- simulation model estimates with observable real-world data. The validation procedvre 
}  Cenatens of three major steps: (1) An evaluation of model logic, assumptions, inputs, 


and outputs; (2) a sensitivity analysis of the model estimates; and (3) a comparison of : 


' | - oa estimates with observed data. An examination is presented of two important 
! statistical considerations for simulation models: auto-correlation and model — 


' - the “pick and shovel” of the modern wind prospector, include statistical climatology, 


convergence. Guidelines are given for interpreting the results of statistical hypothesis — 
REFERENCE: Dunlay, William J. es (Sr. Consultant, Peat, Marwick, Mitchell & Co., 4 


Applications,” Transportation Engineering Journal, ASCE, Vol. 7, No. TE4, a: 


bo Box 8007, San Francisco, Calif. 94128), “Simulation Model Validation: Airport 


16386 WI WINDMILLS AND WIND CHARACTERISTICS LALA 
-KEY WORDS: Aerodynamic characteristics; Climatology; Electric power _ sik 
generation; Numerical calculations; Simulation; Site evaluation; — 


‘investigation; Site selection; Wind forces; Wind (meteorology); Windmills; = 
Wind power generation; Wind tunnel models 


_ ABSTRACT: Past experience with power generation by | windmills indicates that ~a 
_ most important factor controlling success or failure is site wind characteristics. 
Incorrect placement on a site sheltered by buildings, terrain or agricultural growth may 

- drop performance to one-third of the original expectations. Conversely, the appropriate 
hill or ridge shape may amplify power available. Site selection procedures, which are J 
numerical simulation, and physical simulation in meteorological wind | tunnels. 

Laboratory measurements of wind overspeed, streamline patterns, and turbulence - 

_ changes over idealized topography are compared with “frozen vorticity” numerical - > 


“@ — Field measurement of wind velocity and direction over the Rakaia Gorge 
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region, Southern Alps, New Zealand, c compare favorably with 


107, Pp. 413- 426 
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patterns; Distance; Railroads; Subways; Time factors; Transit systems; 
Transportation planning; Urban buses; Urban) 


modes the following: walkiey park-and-ride, "kiss- and-ride, paratransit 


transit feeder, taxi and bicycle. The impact of the access characteristics on transit 
ridership and the normative definition of the area accessed by the transit system it 
explored. The models presented concern bus routes (in Vancouver, St. Louis and 
Washington, D. C.) and commuter rail and express bus service (in northeastern New. 
Jersey). The models determine normative classifications for transit service areas on aH 


REFERENCE: Lutin, Jerome M. (Mgr., Regional Transportation Planning Dept. 
Parsons Brinckerhoff, Quade & Douglass, Inc., One Penn Plaza, New York N.Y. : 
10119), Liotine, Matthew, and Ash, Thomas M., “Empirical Models of Transit Service 
Areas,” Transportation Engineering Journal, ASCE, Vol. 107, No. TE4, Proc. Paper — 
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16392 SATELLITE DATA FOR WATER MANAGEMENT ORE 


KEY WORDS: Benefit cost analysis; 
analysis; Flood control; Hydrologic data; Hydrology. Real time operations; 
Satellites; Sensors; management (applied); Water resources is bob: 
ABSTRACT: The U.S. , Gosteaiesl Survey is utilizing satellite data relay to automate 
the timely acquisition and distribution of hydrologic data from more than 200 remote 
‘4 data-collection sites. This activity has been part of a nationwide study program carried 


€ out for more than 8 years. In that period, satellite telemetry has proven to be | 
reponsive, flexible, reliable and, when compared with other telemetry systems, cost — 


an instrumentation operation and hydrologic conditions at unmanned sites. A Geological 


a 


H 
' 


effective. The use of satellites to telemeter data from remote locations results in the 
following: real-time hydrologic data being made available to water-data users, reduced 
Site visits for manual retrieval of data, and the ability of the data collector to monitor — 


Survey economic study projecting the availability of real-time data for flood warning 
and irrigation water management forecasts that the accumulated benefits derived from 
use of those data o outweigh ¢ sien added costs of providing the ~~ system . eg 
_ REFERENCE: Shope, William G. “(Chf, Data Relay Project, Water Resources Div., 
United States Geological Survey, Reston, Va. 22092), and Paulson, Richard W., “Data 
Collection via Satellite for Water Management,” Transportation Engineering Journal, 
ASCE, Vol. 107 No. TE4, Proc. Paper 16392, July, 1981, pp. 445-455 | ei 


16401 ANALYSIS OF WATER DISTRIBUTION SYSTEMS 
_KEY WORDS: Fluid flow; Hydraulics; Network analysis; Network analysis — 

theory; Networks; Nodes; Optimization; Pipe flow; Water consumption; ae " 


Water demand; Water distribution; Water transportation 

ABSTRACT: Various techniques presently available for the analysis of water 
_ distribution — systems, called node head analysis (NHA) techniques, analyze the 

_ distribution systems, assuming that the nodal demands can be satisfied by providing 

_ additional source heads or boosting pressures, if necessary. When such additional heads , 
or pressures are not available, some consumption nodes fail, partially or completely, at 
satisfy the nodal demands. To locate such nodes and to estimate the actual nodal 

_ supplies, an approach termed node flow analysis (NFA) is developed herein. The NFA | 7 
problem considered a flow optimization problem with linear and nonlineer 
constraints, some being alternate constraints. The solution approach is based fi 
repetitive NHA of the distribution system. The necessary theory for NFA is ot. H 
and illustrated through a design example. 

REFERENCE: © Bhave, Pramod R. (Prof), “Node Flow Analysis "Distribution 

ug ystems,” Transportation Engineering Journal, ASCE, Vol. 107, No. TE4, Proc. Paper 
“16401, July, 1981, pp. 457-467 H 
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BSIRACT: Empirical tools for planning access to transit systems are developed. ##§ im 
ransit access is defined as those portions of the journey spent getting to the transit -_ 
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ND LOAD 


“ WORDS: Buried pipes; Contact pressure; Earth _ Pressure; 


differential estdipensai transfer loads along the pipeline which in turn modify contact “3 
pressures and settlements for each length of pipe. Angular distortion between the a= 
individual lengths of pipe thus results in opening joints and creating a potential for ; 
<< Expressions are derived, based on certain assumptions, that permit the -_ 
determination of the transfer loads, as well as the resulting contact pressures, pipe 
settlements, and angular distortions between individual pipe sections adjacent to 
structures. Consideration is given in the derivations to the transitional loading on “a 

_ which is a consequence of its support at a structure. The procedures for load waar 
determinations are also applied to pipelines subject to concentrated surfece loadings. 
Additionally, the theory is extended to the case of buried pipelines having horizontal — 
unbalanced thrust at fittings = 

REFERENCE: Scarino, John H. (Principal Associate, Clinton Bogert Associates, _ 


_ Consulting Engineers, 2125 Center Ave., Fort Lee, N.J. 07024), “Buried Pipelines: 


Settlement Modification and Load Transfer,” Transportation Saupe Journal, as 
ASCE, Vol. 107, No. TE4, Proc. Paper 16403, July, 1981, pp. 469-486 | a 


| nigh a 


WORDS: Land use; Pipelines; 
Public utilities; Right of way (land); Time factors; Urban development; . 
Urban planning; Water management (applied); Water pipelines; Water prea 


ABSTRACT: The San Diego ‘Cie Water Authority i is a » providing 


_ water to the approximately 1,700,000 residents of San Diego County through its 24 
_ member agencies. It owns, operates and maintains approximately 210 miles (338 km) 
_ of aqueduct pipelines. Original construction of the pipelines was in locations remote 3) 
_ from urban development. However, during the past 20 years, urban development has 


encroached to the rights- of-way and, in many cases, over the rights-of-way. Several a 


- unique arrangements for the joint use of the rights-of-way corridors with other public “al 
: _ agencies have provided benefits to the general public. Some of the problems the “4 


Authority has encountered are explained, and are on h 


similar problems can be avoided by others. 


REFERENCE: Ogden, Buckley L. (Asst. Chf. Engr., San Diego mae ‘ohn 
Authority, 2750 Fourth Ave., San Diego, Calif. 92103), “Pipeline Corridors in a 
Developing Areas,” Transportation Engineering Journal, ASCE, Vol. 107, No. TE4, 7. 


Proc. Paper 16397, July, 1981, pp. 487-495 ah 


16405 REHABILITATION OF SANITARY SEWER PIPELINES a) 
KEY WORDS: Corrosion; Dewatering; engineering; 
water; Grouting; Infiltration (water); Pipeline transportation; Plastic pipes; = { 
Rehabilitation; Sanitary engineering; Sanitary sewers; Sewer pipes imag Folds 
_ ABSTRACT: An extensive investigation into the methods and materials available for ies 
use in rehabilitating sanitary sewers is presented. Information has been developed on - 
the features and benefits of both internal and external sewer pipeline rehabilitation. “= 
The analysis of various types of failures that occur in sanitary sewer pipelines shows red 
- that a variety of correction methods can be utilized. Twenty-three problem areas for s 
rehabilitation have been identified, along with a choice of correction methods and | 
_ special considerations for them. Dewatering of the existing system for rehabilitation is _ 
= important determinant of the method and material selected. In addition to 
dewatering, the diameter, cross section, variation inflow, number connections, access, oe. 
location, depth and nature of effluent, movement of groundwater and soil settlement _ ; 


conditions are all important factors rehabilitation 


REFERENCE: Ouellette, Herve (Consultant, 919 Oriole Dr., ‘Laguna Beach, Calif. 
92651), and Schrock, B. Jay, “Rehabilitation of Sanitary Sewer Pipelines,” 
Transportation Engineering Journal, ASCE, Vol. 107, No. _ TE4, Proc. Paper 16405, 
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In accordance with the October, 1970 action of the ASCE Board of Direction, which stated 
that all publications of the Society should list all measurements in both U.S. Customary _ 
&§ (International System) units, the following list contains conversion factors to enable readers a 
+ a compute the SI unit values of measurements. A complete guide to the SI system and its ? 
use has been published by the American Society for Testing and Materials. Copies of this 
_ publication (ASTM E-380) can be purchased from ASCE at a price of $3.00 each; orders must 


~All authors of Journal papers a are being asked to prepare thei dual- format. 


are recommended the ASCE Committee o on Metrication. itty 


(in.) millimeters (m 


square feet (sq ft) square meters (m 
4 "square yards (sq yd) square meters (m 
square miles (sq miles) Square (km = 
cubic feet (cu ft) cubic meters (m’) 
cubic yards (cu yd) cubic meters (m 
pounds (1b) mass kilograms (kg) 
tons (ton) mass kilograms (ke) 
kilogram force (kef) 4 a3 newtons (N) 
pounds per square foot (psf) 
pounds per square inch (psi) kilopascals (kPa ) 
U.S. gallons (gal) liters (L) 
acre-feet (acre-ft) cubic meters (m 
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0.093 
0.405 
q 
0.028 
0.765 
0453 
47.9 
6.89 
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Flory J. Tamanini,' F. ASCE 


(Reviewed by the 1e Highway 


Beginning j in the mid-1960s, highway officials exhibited considerable concern r 


about the toll in human lives and suffering associated with highway accidents. 


‘safety w: was 1s officially acknowledged as serious on a nationwide basis. Vigorous" 
‘programs were initiated by the Federal and state governments and the private | - 
‘Sector alike to define and understand the ‘“‘highway safety’’ problem. Conferences 
and seminars were convened involving not only specialized technologists but 

m more importantly ‘multidiscipline groups. From these endeavors, the magni- 
tude of the problem was ; confirmed in light of 1966 accident statistics (1), i-.e.: 
(1) Fatalities—53,000; (2) injuries—1,200,000; and (3) estimated Societal Cost 


— Accident Statistics vary Retr a from State to state. Yet it has been —— 


This figure represented 17,000-22,000 deaths, a tremendous toll. 
_ Responding to passage of the 1966 Highway Safety Act, the Administration 
_ took prompt, decisive action to show prioritization of highway safety. In 1967, 
_ the Federal Highway Administration (FHWA) launched a short-term, quick- a 
research program (27) which provided an effective technological stimulant for stimulant veneencnaalll 
subsequent research by : states and the private sector, 
= ya the mid-1960s, there were already several research endeavors underway 
_by some state agencies, the private sector, and entrepreneurs to develop safety 
appurtenances designed to reduce the severity of accidents. Several of these 
are worthy of note. The New York State Department of Public Works developed — 7 
an effective, ‘Strong box-beam (weak post) traffic railing (13). This system was 
installed immediately upon completion of successful testing by numerous states 


_ ‘Research Consultant, Energy Absorption Systems, Inc., 1104 Vassar Road, Alexandria, — 


Note. .—Discussion open until December 1, 1981. To extend the closing date one month, © 


a awriten request must be filed with the Manager of Technical and Professional Publications, _ 


ASCE. Manuscript was submitted for review for possible publication on August 1, = 
This paper is part of the Transportation Engineering Journal of ASCE, Proceedings 4 
the American Society of Civil Engineers, @ASCE, ‘Vol. 107, No. TE4, July, 1981. ISSN 
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had serious traffic needs. The Highway Department tment initiated 
a research and study of a variety of ‘Sign ‘Supports | in an effort 


vehicles. Following this initial effort, 
 spomananl a 3-yr research endeavor which resulted in safety design criteria 
q breakaway metal sign support structures (5). The breakaway (or slip- base) pee 


technique was soon applied most effectively to tall roadside luminaire supports. _ 

The development and adaptation of the New Jersey "shaped concrete e median 

barrier, complemented by the General Motors version, proved to ‘be a most. 
effective concept to deter median cross-overs lly errant vehicles (8,9). Its real 


Vente Impact Co Conpitions 
Generally speé speaking, the following conditions cs can be said to exist when an 
‘errant vehicle departs a roadway (17,26). (For specific locations, site-specific 
environmental and accident-frequency data should be consulted.): (1) 80%-85% 
i depart within 0°-30° of the highway axis; and (2) 70%-80% of the errant vehicles 


more Reported Accidents, 
Object or endl baa 36 Fatal ine 
Traffic railings boorstl 16.9 
Bridge piers, abutments __ gy 7.3 
‘Trafficsigns, signals | 45 | 


_ Strike a fixed object within 30 ft of the edge of the roadway. eoeigih arse Waals 


The tabulation found in Table | was compiled from the 1971-72 highway 
accident statistics submitted to the FHWA by Kansas, Pennsylvania, Massachu- 
setts, and Michigan. The data are concerned with the most frequently struck © 
roadside object by an errant vehicle. (Total accidents—1,281,000; fatalities— 


: 4 vehicles in the 2,000 Ib-5, 000 Ib (907 kg-2,267 kg) weight range have bel 

- consistently “specified in research sponsored by the FHWA, ‘the state, and the 

_ private sector. Acceptable deceleration of 12g, averaged over the highest 50 > 

msec of impact, is the specified criterion with a maximum acceptable onset 

4 rate not to exceed 500g/s. The Transportation Research Circular Number 191 * 
(20) specifies criteria for the acceptability of longitudinal barriers, 

supports. Vehicle impact Speeds 


q 
| 
ak 
ona 
| 
A 
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of 20 ‘mph-60. mph (32 km/h-97 km/h) for \ vehicles ‘weighing 2, 250 500 
Ib (1,020 kg-2,040 kg) are stated. Vehicle impact angles ranging from 0° 25° 
are specified depending on the appurtenance being tested. 
In light of the ever-increasing number of smaller and lighter weight cars entering » 
the traffic stream in recent years, there has been an increase in emphasis and 
- priority to accommodate these lighter and normally smaller vehicles. A liberal 
interpretation of industrial production figures of passenger vehicles since 1970 ; 
discloses that the annual United States registration of compact, subcompact, — 
_ and sports cars has increasingly ranged from approx 32%-46% of all new car 
vs purchases (18). More detailed information on vehicle size and weight distribution | 
can be obtained from the National Highway Traffic Safety Administration 
(NHTSA) or industrial automobile production 
os A FHWA Bulletin issued on April 26, 1979, establishes a lower weight and . 


size value to the existing design criteria for highway safety appurtenances (12). - 
_ ‘The mini-sized car weighing about 1,700 Ib-1,800 lb (770 kg-815 kg) must now © 
_ be considered. In addition, the existing ¢ criteria States that school buses, intercity 


a According to of State. Highway and Transportation 
q 


atisfactory dynamic performance is when maximum 


& 


i 


ceed 750 lb-sec (3,336 N- -s). 


Supports. lighting of our highways and streets has long 
been acknowledged as a necessity to provide vehicle drivers with needed visibility. : 


_ This is being accomplished by the use of headlights and roadside luminaires. 

Prior to the development of the breakaway or slip-type luminaire supports, 

_ it was estimated that approx 1,300 lives were lost annually in vehicle collisions 
with such appurtenances. Exact figures on a nationwide basis have been impossible — 
to obtain. Through implementation of conducted research by FHWA and woud 

_ vehicle collisions with luminaire supports have been reduced to “‘fender-bender”’ 

: - Status. Fatalities in such occurrences have become almost nonexistent. eebedh 
ot is a Federal requirement that luminaire supports must be located no closer 
than 30 ft (9.1 m) from the edge of the roadway. If this cannot be done, they 
In light of the 1975 AASHTO requirement (25) which highlighted pet i 
safety considerations, many manufacturers of luminaire supports had to requalif s 
Typical luminaire supports in the 30 ft-55-ft (9. l-m-16.8-m) height range which ; 
have been qualified as acceptable fall generally within the following types: (1) : - 


‘The shoe- mounted type, aluminum or the progressive- -shear type, 


q 
Striking a breakaway support at speeds from mph-600 mph (32 km/ 
km 2b) does ex coo  Ib-sec (4,893 N-s), but desirably does not q 
— 
— 
= 
a 


- - notched steel bolt insert, high-strength steel; an and (6) fluted base sup} — 


- Specific makes and motala are approved by the FHWA Division Office in 


___ Jtillity Poles.—There are about 88,000,000 utility poles installed along our 
_ highways, roa roads, and streets, annually taking a tragic toll of lives. It is hoped 
that effective countermeasures can soon be available for new installations and 
for retro-fitting existing utility poles as a result of ongoing research. = 
It has been estimated in Government-sponsored research reports that approx 
a 700 lives - lost each year in automobile collisions with utility en 


“roadside deathtrap. The FHWA is currently sponsoring a comprehensive 


Roadside Luminaire — FIG. 2. —Utility Pole on Rural Road ies 

and development study at the Southwest Research Institute (SWRI) (6). This 
is a new endeavor. The Lincoln Electric System has also sponsored a research 
4 at the University of Nebraska (19). Results from Tesearch conducted 


very well be ‘possible, and still ‘maintain the ‘overhead wires in place. Various 
safe concepts are beingevaluated. 
Roadside Sign Supports.—Soon after the successful development of breakaway 
_ and slip-base luminaire supports, the technology was transferred effectively 
to shoulder-mounted, roadside sign supports. The FHWA and 14 states funded — 
an accelerated research and development endeavor at the Texas Transportation 
Institute (TTI) to accomplish this technology transfer to a second adaptation. © 
This cooperative pursuit was so successful that the resulting fail-safe aspects 
were mandated to be implemented by the FHWA on all Federal- Aid highways 


4 
| 
7 
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4 HIGHWAY SAFETY 
in states the final research report (5). While both “frangible” 
and “‘slip’’ base concepts were proved acceptable, the latter type became 
State agencies and private industry became encouraged to Bs the devel op- 
ment of new competitive systems for initial installations and for retrofitting 
a existing ‘structures. Prominent of the many adaptations and new types was the 
4 ingenious Break-Safe Sign Support Base by Transpo-Safety Systems a 
on single or multiple-post sign support structures and for retrofit use as well 
lag Some State highway a agencies have stated informally that 70%-90% of i impacts 
Riese ‘sign and luminaire supports go unreported—in other words, they are 
- drive- -away fender-benders. This is an indication of achieved ‘ ‘increased SUIViv- 


ability’’ in vehicle accidents on our highways and streets. $2 | 


_ For the decade 1965-1975, , attention | was focused on the design of highway ; 
signposts to be breakaway for large au automobiles. _ However, recent studies 


sponsored by the FHWA on sacs performance of smaller sign posts during impact 


AG. 3. Breakaway Sign Sup- FIG. 4. —New BREAK- AK-SAFE Sup. 
by small vehicles disclosed a serious alll Small-car impacts at natives 
to high speeds resulted in disastrous performance for single signposts previously 
believed to be safe structures. This new study was conducted by the TTI with | 
the excellent | cooperation of many fabricators of small signposts. F Four separate 7 
technical reports (21,22,23, and ‘this _FHWA- sponsored research 
_ Protection in Median. “tie vehicles apes traverse the median frequently 
result in violent head-on collisions with either oncoming vehicles or with highway 
‘sign- -posts, , luminaire supports, | or median bridge piers. . It has been estimated 
that the annual fatality rate is about 1% « of the single-vehicle fatalities, or 1,400 
deaths occurring in median collisions. The worst collisions are those involving 


_ small cars in head-on situations or where protective countermeasures have not > 
a - On our multilane, separated highways there are a variety of protective median > 
7 barriers being employed today in high accident- -potential locations, particularly 


e 
bi 
= 
| 


30 ft (9.1 m). Traffic railings, such as median barriers, guardrails, and | bridge 
Ze rails, must satisfy the provisions of FHWA/AASHTO specifications. To qualify _ 
: for use on Federal-Aid highway projects, prospective median barriers must safely 


ie accident experience warrants it or where the median width is less = 


accommodate the stipulated head-on and angle impacts by both small and large-size 
_ cars. A 1977 AASHTO publication, identifies Federally approved systems. (15) 
 Blocked- out, double-faced steel guardrails on either wood or steel posts 
probably constitute the most frequently used traffic railing. An improved \ version — 
of railing known as Thrie Beam, or Tri-Gard, has recently become popular 
in construction of bridge rail retrofit safety-improvement projects. Another steel S 
7 median barrier which has proven to be quite effective is the New York Box £ ; 
_ Beam Median Barrier. This system has excellent characteristics for safely = 
attenuating and redirecting impacting small and large-size 
Being greatly concerned with the importance of median barrier ecncogy, 
< the FHWA together with 21 interested state highway agencies sponsored a 3-yr 
research and development study at the SWRI. A comprehensive study was 


4 =e of the design, construction, and performance nal a variety of shapes mal 


FIG. 5.—Typical Unprotected “Bridge 6.—Disastrous Incident 


Pier in Narrow Median tected Median Bridge Pier 
for the concrete median barrier (CMB). The resulting final report is an excellent 
_ technical compendium (9). The shape of the CMB’s is designed to redirect colliding 
vehicles with minimum damage and personal injury while preventing crossover 
accidents with h oncoming traffic. There are approx 3,600 miles 6, 800 km) of 
_ the CMB on our nation’s highways. Hundreds of thousands of automobile tire 
skid marks seen on the CMB’s attest to the ability of this barrier in preventing 
- The aluminum industry provides states with a special traffic railing set of 7 
components known as the Semi-Elliptical Railing System which can be assembled 
in various configurations to serve as guardrail, median barrier, or bridge railing. 

_ This industry has also made available two lightweight median barrier “designs . 
| of extruded aluminum components: (1) The DOW-type; and (2) the MAGNODE- 
type. Their popularity for use on existing bridges is due to their lightweight 
"frequently requiring no additional structural support and recognized safety — 
_— Hazardous en ends of median barriers must be flaired av away from adjacent traffic 

— lanes at least 30 ft (48 m) - Where appropriate flairs cannot be incorporated 
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the median barrier attenuators are utilized most effectively 
with “excellent ‘results. States are using two types of inertial barriers: (1) 
ENERGITE and FITCH MODULES; and (2) redirective- -type attenuators: 
HI-DRO, HI-DRI, and the G-R-E-A-T Systems. 
_ ENERGITE and FITCH MODULES are 36-in. (0.91- -m) diam, 36-in. (0.91-m) 
high closed cylinders fabricated of frangible plastic. They contain varying amounts 
of sand, 400 1b-2,100 Ib (182 kg-953 kg), depending on their locations in the | 
_ The HI-DRO System is 40 in. (0.94 m) high, is comprised of water-filled — 
i? | tubes with expulsion valves at their tops activated by an impacting vehicle. 


FIG. 7. —G-R-E-A-T Attenuator at Blunt FIG. 8. of Safe Attenuation 


End and Redirection by G-R-E-A- T Units 


FIG. 9.—G-R-E-A-T Installation at Medi- FIG. 10.—FITCH Barrier at 


Overlapping plastic for vehicle redirection for side impact 


® The HI-DRI System is similar dimensionally to the HI-DRO attenuator. Instead 7 


assembled in waterproof cartridges. The cells are individually waterproofed and 


of water-filled tubes, the system utilizes frangible cells of vermiculite concrete 


ies wrapped with wire to provide for desired deceleration upon application of a 
- dynamic force. Vermiculite concrete has a a density of approx 35 ‘Ib/ft? (560 


— — 


_ The G-R-E-A-T System utilizes vermiculite cartridges as the compression _ 
medium for safely containing impacting vehicles in a head-on situation. It has 
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frangible curved “plastic nose steel panels cr hrie Beam or 


va Tri-Gard) to provide safe redirection to vehicles in side angle impacts. _ + 
_. An untold number of drive-away impacts by small and large automobiles 
known to have involved these lifesaving systems. bier 
- Not only are these impact attenuators providing lifesaving protection for : 
motorists at the ends of traffic railings, but they are also providing effective 
protection when installed directly at median bridge piers.§ 
4 Protection at Exit Ramps. hazardous ob obstacles cannot be 
monet from the exit ramp, effective utilization of impact attenuators has 
: if been resorted to by the FHWA and the States | in new construction and site-im- 


pr ovement projects at selected locations. = 


FIG. 11 —HI- DRO Crash Cushion 


FIG. 12. _—Dengerous Elevated Gore— 
arrow 


Before Accidents and Installation of 
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FIG. 


13.—Evidence of Vehicle 14.— DRO Attenuator Solution 
Accident at at Elevated Gore for Elevated Gore Problem 
Both inertial-type and redirective-type crash cushions have established a record 
- for saving many lives and for minimizing injury and vehicle damage. Many 
states have published evaluation reports on their effectiveness and cost-benefits 
sg 10,11,31, and 33). Both types of attenuators have life-saving capability. At 
locations where impact incidence is frequent or where moderate-angle hits are 


 eateiguet, redirective type attenuators are preferred because of their effec- 


_ Forgiving Bridge Rails.—Tremendous strides have been made in io the past 5 
yr in the research and development of much safer bridge rails than those built 


“in the pre- 1970 era. In past years bridge rails were designed to stop vehicle 


4 
aan d a 
4 — 
q 
i 
é 
‘ 
| 


“HIGHWAY AFETY 


penetration utilizing a 10, 000 Ib static load specification. Many existing 
i types do not accomplish this objective. Research studies initiated by the FHWA Pn 
and AASHTO/TRB were most successful in developing bridge rails that not 
prevented penetration by small and larger-size cars, school buses, 
= _— intercity buses, but also provided safe redirection for this wide range of vehicle 
. A redirective- -type b bridge railing using the New York Box-Beam blocked out | 
by frangible « aluminum tubes spaced on about 6-ft (1.8-m) centers was developed _ 
_ from one FHWA study at the SWRI. This system was designed to provide 
_ adequate attenuation and redirection for both small and large size passenger — 
- cars. Only two installations of this system are known to have been made: a 


FIG. 16.—FITCH Crash Cushion After 


Driveaway Vehicle Impact 


F HWA-sponsored study dealing with the ‘retrofit existing bridge 
= _ rails. The comprehensive work resulting in a large variety of retrofit railing — 
types is contained inthe final report (32), 

a productive FHWA-sponsored research study was conducted at the 
"SWRI. It resulted in the development of a successful collapsing-ring bridge 
rail “system. While this system had as its objective the safe accommodation 
_ of small and large passenger cars, it finally wound up with most unusual results. 


The as developed, was also capable of redirecting 


FIG. 15.—ENERGITE Crash Cushion 
— for Elevated — 
—_ FIG, 17.—HI-DRI Attenuator at Butterfly Gore Sign 
— 


busesand intercity buses. Indeed a a spectacular: The final report 
comprehensive coverage of the study (7), 
_ Having accomplished noted effective results from its sponsored bridge rail, 
-Tesearch, the FHWA has recently sponsored a research study to develop the 
_ “ideal”? traffic barrier. The objective is the development of a ‘“‘self-restoring”’ 


-Jongitudinal barrier system known by the acronym, SERB—self-restoring barrier. 


k 


FIG. 20.—Forgiving Redirective ctive FG, 21.—Bridge Rail 


Bridge Rail—Frangible Aluminum Type Barr Barrier ‘Shape 
pe 


i The SERB is a very simple longitudinal barrier designed to redirect impacting 
passenger cars and school buses. It utilizes two wide flex-beam guardrail sections 
(Thrie-Beam or Tri-Gard), 20-in. deep, welded back to back. The fabricated 
tritubular-looking railing is then fastened to the steel posts by a hinged connection. 
— this inertial system, , the kinetic c energy of an impacting vehicle is absorbed. 
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‘system was observed to be minor. a 
_ Construction Zone Safety. —Technical literature and p periodicals have contribut- 
_ed magnificently in the technology transfer of this rapidly developing state-of-the- 
art. Providing safety for both work crews and motorists in the construction — 
has been an FHWA-specified, high-priority, emphasis hE ee 


—Another Bridge Rail Retrofit 


FIG. 24.—G-R-E-A-T Attenuator—Pro- FIG. 25.—CZ G-R-E-A- 
tection at Dangerous Bridge Rail End Motorists and Work 


vehicle Hereterare coly tresiment of 


iz In 1976, the FHWA issued instructions to replace idmanin wood and * 


hazardous barricades with safer systems” having structural integrity and the | 
eaaly to redirect errant vehicles back onto the highway. To promote its 
4 ‘safety in construction zones’’ effort, the FHWA issued three excellent slide- -tape 


packages on the use of temporary barriers, barricades, and signing and pavement — 


ip while being safely redirected. Damage to the colliding vehicles and the barrier §& 
FIG. 23.—Collapsing Steel Ring Bridge 
| 
— 
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marking (4,24,30). eptionwide basis. The | private 
= working with the states almost immediately responded by producing 
elemental, redirective traffic railings. These included steel I-beam railings and — 
short, posigery 10 ft-20-ft connectible concrete median barriers. For protecting — 


commercially available solutions were ‘the inertial and at. barrier 


and the more sophisticated Guardrail Energy os Terminal for Construction 


_ Temporary barriers of the CMB shape, crash. cushions for CMB termini, 


and truck- mounted attenuat rs s) are e making noteworthy contributions 


“FIG. 26. Attenuator at FIG. 27.—HI-DRO Coll Cluster at Au- 


; riety of construction sites. It offers the same response and performance pn 


4 teristics as s the standard G- R- E-A-T System 1 mentioned 
3 to accidents at railroad- -highway grade crossings. They are > the most tragic types 


a collisions. Frequently school buses are involved with disastrously high death 


_ In cooperation with railroad companies, FHWA, state, and local governments | 
are making great progress in improving the environment and ‘traffic control 
devices at crossings. Federal funding has been made . available not only 1 for 
improving crossing sites, and even eliminating them by the construction of grade 
Ditatots but also by providing protection for motorists and for signals and 
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automatic gate structures, . These devices | to occupants of sof 
both large and small cars in moderate to high-speed impacts. bre 
Protection at Tollgate Facilities For decades, concrete monstrosities were 
constructed in front of the toll road collectors > booths for their occupants’ 
“a protection. In recent years however, with the advent of concern for motorists, — 
bas crash cushion technology has been adapted to these roadside obstacles. Either . 
in new construction or in retroiitting the existing concrete hazardous structure 


safety. These water-filled tube crash cushions are known as HI-DROCell Clusters. § 


“Sey. impact attenuators are being utilized as an enhancement to highway a 


They are capable of safely attenuating moderate-speed impacts of about 45 
mph (72 km/h) of small and large in minor no injury 


Motor Venicie Accivent Sranistics, 1979 
‘The: following. information appears in “Accident Facts—1980 Edition,” 


annual publication of the National Safety Council. The data portrays a slight © 2 


FIG. 28.—G-R-E-A-T FIG. 29.—HI-DRO Coll Clusters—Protec- 

tection for Motorists and ‘Automatic _tion at Toll Booths 


: increase in most line items for 1978: (1) Deaths—51, 900; (2) disabling injuries— 
2,000,000; (3) costs—$35,800,000,000; (4) motor-vehicle mileage—1,525,000,- 
000,000 (5) death rate per 100,000,000 vehicle miles—3.40; (6) registered vehicles 
in the United States—159,40¢ 400,000; and (7) licensed drivers in the United ; 


_ In the past 15 yr, mathematical simulation techniques and computers have 


possible solutions to the multifacet, dynamic problem associated with 


vehicle collisions. Heretofore only simplistic treatment of the problem was 7 


_ The application of engineering principles has made possible a wide variety 
of solutions which consider a wide range of vehicle weights, impact angles 
and speeds, deceleration forces, and dynamic material properties. As a - 
a appurtenances have been designed and installed which either ‘‘fail-safe’ e” 
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orsafely redirect errant vehicles whieh inchade: (1) Breakaway 
— and sign supports; (2) guardrails; (3) median barriers; bape bridge rails; 2 . 
The vehicle crash management technology developed to date has encouraged 

_ research endeavors. Among such efforts are studies for ‘‘fail-safe’’ utility poles, 

j self-restoring barriers for passenger vehicles, and forgiving highway appurte- 
nances for school buses, intercity buses, and heavier transport trucks, 2 


4, This s paper dealt - primarily v with those safety aspects s of roadside ianiiiiinines 
which have been developed during the past 15 yr and some currently under | 
development and test. They are basically ‘‘fail-safe’’ or redirective systems 
: <n to reduce fatalities, personal injury, , and property damage i in “a alll 


the Design criteria for acceptable levels of were presented. of 


roadside appurtenances were presented which highlighted the use of a large 
variety of materials such as steel, aluminum, conventional and light weight 
concrete, plastics, water, and sand. The technology transfer for achieving greater — 
safety from one developed structure to other applications was shown. Uses 
0 of safety appurtenances on completed highway projects ; as well as temporary a 
safety appurtenances in construction zones were considered. 
_ Cooperation among Federal, state, and the private sector establishments in _ 
pursuing the various safety developments was identified. With continued 
our highway transportation systems will ‘even § for the 
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LALIONS 
adi boesd od (Reviewed by the Ait Air Transport Division) od 


E - Simulation models ae been used extensively to aid the planning and design 


In most ‘cases, the. model ‘claims net his model has 
been “‘validated,”” but there is much confusion about this term. Some barns 


‘observed, real-world data; others are only simple : statements that - mae 


estimates are reasonable and satisfactory. 


‘The intention of this 


and potential model users. The concepts described apply to simulation models _ 
of any mode of transportation. As will be explained, however, there are certain 

Se of airport simulations that must be considered. pam 
a a fast- time » stochastic or Monte Carlo simulation model of airport operations. 


_ The emphasis is on organizational Procedures and statistical considerations in — 


= —The concepts and ere described in this paper spply 
a airport simulation models in general, e.g., landside models, airfield models, — 
— ‘models. To focus the analysis, however, it is ; assumed (without the - 
loss of generality) that the simulation model involves, at least in part, aircraft P 
a Fundamentals of Validation. —Validation is is especially important ‘in 1 computer 
simulation models. Unlike analytical models, which can usually be fully-described d 


s a set of equations or by a short modifier (e.g., stochastic, deterministic, 


"Magr., Peat, Marwick, Mitchell & Co., P.O. Box 8007, San Francisco, Calif. 94128. _ 
oa Note.—Discussion open until December 1, 1981. To extend the closing date one month, 
a written request must be filed with the Manager of Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication on November 19, 
1980. This paper is part of the Transportation Engineering Journal of ASCE, Proceedings bs 
of the American Society of Civil OASCE, Nel. 107, No. TE4, ‘1981. 
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_ Involved in the validation oF a simulation model and to sugges guidelines 
for the documentation and disclosure of a simulation model to model 
| 
— 


402 1981 


queueing, linear programming), simulation models defy easy ‘characterization 


" models remains today perhaps the most elusive of all the unresolved — - 
: pt There are no universally-accepted criteria against which simulation models ry 
can be measured. Acceptance of a simulation model must be based on the 
types of decisions that the application of the model is intended to support. a 
- Along these lines, Van Horn mentions two important characteristics of validation ae 
a “ (8): (1) The objective is to validate a specific set of insights, not necessarily nw 
the mechanism that generated the insights; and (2) there is no such thing as 
“*the’’ appropriate validation procedure. Validation is problem dependent. Van 
5 Horn’s ‘point is that it is the major attributes of | the particular processes to sl 
_ be simulated that must guide a validation; 
_ Validation of a computer simulation model should include: (1) A chock of | j 
the validity of the —— and logic of the model and; (2) a comparison . 


ong modelers that both of the these steps are required. De Neufville states that F ee 


y 


statistical analysis cannot be a sufficient test of any model. . The validit 
of a systems model also on the of a priori 


It is is to jst -of- of the model to observe 


wa a ultimate test of a computer s simulation model is the degree « of accuracy — 


with which the model predicts the behavior of the actual — (which Sec 

is being simulated) in the future (7 

Unfortunately, one observe the future, ry is to 
directly validate the predictive capabilities of a simulation model. Instead, one * 

ms rely on the evidence of how well the model fits observable data, and " 
how well the logic and assumptions of the model can be extended to situations ey 


to observe. As Naylor has stated, “The problem | of ‘model validation becomes _ 
o« even more difficult if the available data about the ‘actual’ behavior of the world 
is itself subject to error’’ (7). This is certainly true of simulation models of 
£ airport operations, in which observed values of delays, travel times, etc., = 
Subject to significant field measurement errors. 
| Key Principles and Steps in Validation. —To promote a a better understanding 


inner workings of a model. True, there are certain accepted categories 
— simulation models (e.g., discrete event, discrete time, sequential calculation), Jf 
they add very little to one’s insight intoa model. = 
i 
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_ SIMULATION MODEL VALIDATION 


_ LA variety of comparisons—not just one—should b be made between model o 
= estimates’ and real-world measures. In In this way, one can weigh | the whole set _ 
of evidence in deciding whether or not the model can satisfactorily approximate 
& _ 2. The decision about a model’s acceptability for its intended application a 

is a subjective one based on a combination of statistical hypothesis testing — 7 

just “* “‘eyeballing”’ certain aspects of the the model’s outputs, logic, and sensitiv-_ 

3. A committee should be established to oversee the validation. Van Horn | 

‘suggests that such a committee is part of an ideal validation (8): aIGy MOH Ds 

_ Ideally a comparison test should handle nonstationarity, compensate for 

bef noisy data, simultaneously evaluate a number of output measures and s : 

work for small samples. Does such a test exist? The answer is yes aS 

“A one is willing to define test very broadly. The test is simple. Find people — 7 

who are directly involved with the actual Bore Ask them to compare Bur 


actual with simulation output. us 


goodness- of-fit ofthe model’sestimates, 
_ Three steps to be followed in the veliéaitia of an airport simulation sha 
are proposed: (1) Evaluation of the model's logic and canatagtions, the the scope 


: - of model | estimates to ) changes in certain key inputs ‘and assumptions; and (3) 
- comparison of model estimates with the best available real-world measurements. 
| These steps are described in the sections that follow. = | saisriomb 
Bas way be adn) eves wd? os 
- Model Logic and Assumptions.—The model logic consists of a set of relationships 
among the variables of the airport system, as implied by the way the model 
manipulates these variables. These relationships and manipulations should be 
evaluated against one’s knowledge and understanding of airport operations. To 
facilitate such an evaluation, model logic flow charts should be > provided that 
“*walk the reader through”’ the simulation. ad 
. It is often desirable to check one of the very basic elements of a senieion 


- model’s logic (namely, i its arithmetic) by relaxing all of the: stochastic assumptions — 


that can be checked by hand or by using simple deterministic models. This 


assumptions; and | (2) statistical assumptions. As abstracts: of ‘the real world, 
J simulation models necessarily involve simplifying assumptions. These assump- 
_ tions should be clearly enumerated. 


7. There are three types of statistical assumptions. The first is ‘whether a given 
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‘ d 
q 
: —_ ypot Lesis tests should be used in such a way that they do not force — q 
a decision on acceptance or rejection on the basis of an arbitrary significance i 7 
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is the probebility distribution of each The third concerns 
d statistical dependencies or correlations among the various random variables. br 
_ Scope and Kinds of Inputs.—At least five questions should be asked in the 
- evaluation of inputs required for the application of an airport model: © Paintin 
F 1. Are the inputs sufficient to represent the operations at an airport? 
_ 2. Are the inputs sufficient to reflect the important parameters of the objectives 4 
3. Are the inputs sufficiently sensitive to local (airport-specific) conditions? _ E 
4. How difficult is it to obtain the required inputs? Is this difficulty excessive a 
considering the expected benefits of applying the model? 


5. How sensitive is the "required set of inputs to possible ‘future changes 


aA. _ Scope and Kinds of Outputs.—The quality of the outputs can, of course, 
wu _ be no better than that of the inputs and model logic. ‘Nevertheless, one evaluation a 
criterion for a model is the scope and format of its output. Does the model, : 
__ @.g., provide delay information by cause, location, time of day, type of aircraft, = 
airline, etc.? Is there sufficient flexibility in cross-tabulating and aggregating 
s outputs for subsequent analysis? In short, are the model Sad inal 
to the kinds of decisions the model i is intended to support? — 


Sensimiviry Anatysis of Move 


7 ‘This ‘second step of model validation is aimed at tila certain inner — 
Properties of a simulation model. A sensitivity analysis usually involves evaluating 7 
the change in one or more key ¢ output variables resulting from ‘systematic changes 


There are several reasons for performing a sensitivity analysis. One is to 
determine \ whether the model outputs are sensitive to small changes in particular 


input; if so that input will have to be measured very accurately, and assumptions 

_A second reason for a sensitivity analysis is to evaluate how extrapolatable- 
the model is to new, nonobservable situations by systematically varying one 
or more inputs and then judging the resulting output changes predicted by the © 
_ model against what one would expect to happen. Thus, the sensitivity of a 
- simulation model is a very important aspect of its logic. One | may wish, e.g., 7 
4 examine the delays that result from incrementally adding new aircraft to 
a the existing demand. Or, one may wish to determine whether the model can 


= reasonably predict the effect of a major change (e. 8, a sudden drop in —e 


third reason for a sensitivity is to how sensitive the ‘model 
a estimates are to simplifying and statistical assumptions. Suppose, e.g., that an 
7 _ assumption i is made that cannot be verified. If it turns out that the model output 
is very sensitive to small deviations from that assumption, then an effort should © 
made to check it further (and possibly revise it). 


stated earlier, a variety | of co comparisons should be 
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"SIMULATION MODEL VALIDATION 


made model estimates and actual observed data: 
_— Sons based on the following variables are recommended: (1) Delays to arrivals _ 
7 and departures; (2) travel times of arrivals and es ® aircraft flow 
rates; and arrival and departure queue sizes. tag 
Delays a are the most important and also the most “complex variables. It is 
- difficult to separate: (1) Delays resulting from congestion at the destination 
Sper: and (2) delays resulting from congestion en route or other causes not : 
4 _ A second and closely-related problem is that those delays | attributable to the 
| oT are not all incurred at a single point. Such delays, €.8., +» might t be incurred a 


: controller o or - airline ‘Gispetcher. That i is, s, delays can n back up to various — 
= an aircraft arrives atthe terminal airspace, 12 


_ Data on delays to aircraft are dependent on the specific n runway configurations 
: and weather conditions in effect when the delays occur. There are many ee 


ton ob voy 


. FIG. 1.—Occurrence of Particular Runway Use Configurations A, B, and oo 


associated with obtaining a suitable sample of delay for a 
_ runway-use configuration. | One problem is shown in Fig. 1. Segments of the | 
shaded bars in Fig. 1 represent time intervals che A three runway 
For validation purposes, suppose one wishes to observe a particular configura- a 
tion during approximately the / Same time interval for a sample of n days. Note 
that on all four days shown in Fig. | there is a common 2-h ‘period (indicated 
by dashed lines) during which Configuration A is used. Configuration B is not 
. repetitive; it is used, however, during a common 2-1/2-h period on Days” 
2 and 4. Configuration C is even less repetitive than Configuration B. 
Tae complication is | that the delays encountered in one time interval 

: ‘(especially at the beginning of the interval) with a given runway configuration — 
are dependent on the runway configuration § in use in the immediately preceding 
‘time interval. In i, eg., A is by 


a 


| | 
| q 
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than expected and would gradually decline. On the other hand, if the runway 
configuration i in the preceding interval had a greater capacity, it would take 
a while for the delays to build up to be representative of the current t configuration. 
Because of these problems, it may be difficult to obtain adequate samples 
of delay data for time intervals on successive days that are assumed to constitute 
independent and identical conditions. An alternative would be to have each 
a consist of a time history of delays measured on one day, i.e., delays 


in su successive time intervals on the same day. In this case, different days would . 


represent distinct samples to be treated separately rather than averaged together. 

~; a treatment is termed a time-series analysis. Important statistical considera- — 
tions related to time-series analysis are examined in the following. 
Statistical Considerations.—One of the most complex and misunderstood aspects — 
of simulation model validation is the statistical comparison of model estimates" ‘ 
with observed data. These comparisons can take many forms. According to 
Van Horn, “Often simple comparisons of “means, “ranges an and variances and 

3 graphical comparison of distributions or time behavior will capture most of | ia 
the available information”’ (8). Going beyond simple comparisons and testing 
statistical hypotheses is possible, _ but great care must be taken in a 


One school of thought holds that statistical hypothesis tests will not tell you 
= that you do not already know from simple graphical and ‘ “eyeball” 
comparisons. The writer sympathizes somewhat with this point of view but 
q with one proviso, namely, that hypothesis test results (e.g., in terms of ma 

probabilities) are useful, if properly interpreted, in communicating the analyst’s 
confidence (or lack thereof) in a model to a decision maker or —* user. 
_ It is toward that end that the statistical analysis of this paper is directed. 
"eg The literature contains many warnings about the statistical nature of the cup 
: of simulation models. Hsu and Hunter, e. g., warn that ‘“‘data from many simulation — a 
- models are often not serially independent in time, a fact which seriously affects ‘ 
4 the validity of the [standard statistical] tests’’ (5). Similarly, Fishman and Kiviat 
point nt out that simulation data are generally autocorrelated, | an investigator 
cannot apply the statistical tools commonly used for studying independent 
Autocorrelation is a measure of the linear dependence of a process on its 

past. The autocorrelation problem mentioned in the foregoing caveats cannot . 
be ignored. Fishman and Kiviat go on to say that “‘Ignoring autocorrelation | 
is clearly unacceptable, since the reliability of the sample means and variances 
“are thereby overestimated” (3). Besides, as Hsu and Hunter point out, ‘‘serial 7 

correlation in time is itself an important characteristic. . .’’ that can be compared 4 
_ Statistically with the corresponding serial correlation stracture of the real-world — 
data as part of the validation process (5). 

Estimating Autocorrelation.—Before applying detailed statistical hypothesis 

7 ' tests, one can gain insight into a time series by estimating its autocorrelation ~ 
- - function. Consider a time series, Y,, that has the properties of a covariance-sta- 
tionary process, namely, neither the covariance structure nor the expected value 

of the time series is a function of time. The autocovariance function of Y, 


q 
B on Day 1, and by ircraft 
left over from a lower-capacity runway configuration in the preceding interval, 
7 which would mean that delays at the beginning of the interval would be higher 4 
| 


‘is defined 

‘The assump assumption implies that (Y, only on 
s and not on f¢. The autocovariance function can be estimated using the following 4 


7) 


Note that Co (i.e., c, fors = 0) is the sample variance © of Bye The a autocorrelation 


is a measure of the linear dependency of Y, on its past history. The ae 
- is equal to unity for se 0 and lies in the interval (—1,1) for all other — 
‘ _ The autocorrelation functions are used in a validation to gain insight into — 
Pd - the two time series being compared. One can also compare the autocorrelation — 
functions for the model estimates with those for observed data after plotting 
one as a function of s. yey 
_ _ The autocovariance function, c,, can be used to estimate bal variance of 
_ mean of an autocorrelated time series as follows 


3 


in which the problem ‘choosing an appropriate of | k. This is problem 
Further details of time series analysis applicable airport ‘simulation 
a models are available from Refs. 4, 5, and 6. The purpose of the foregoing — 
; examination is to explain the concept of autocorrelation and how to compute — 
Decisions Based on Statistical Hypothesis Tests. _The results of ‘statistical 
hypothesis tests should not be judged solely on the basis of a priori significance _ 
; “4 levels, e.g., the 0.05 level. Instead, significance probabilities should be estimated — 7 
_ for each test, and then the entire set of significance probabilities should be 
judged as described in the following, 
 Asignificance probability (usually P,)is the probability of obtaining 
a value of an inferential statistic, i.€., a value t value, as large as ‘the 
one computed in the test, given that the hypothesis | tested is actually true. 
is (Recall that the general nature of the hypotheses tested in a validation is that 
there is no difference between the model estimates and the observed data.) 
_ If this probability is very small, then one would tend to reject or at least to 
Suspect | the hypothesis. If the probability is is not small, then 


defects i in the model. 
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‘This definition i is a matter of confidence in the 
_ Further insight into the test results } may be obtained by considering the results 
- of a whole set of tests. Suppose, e.g., that test results in the form of significance 
in which i = the test ‘number, and j= = the comparison variable, 


at ‘any arbitrary ‘significance level, a, one would expect the ‘number of tests. 


that failed, i.e., the number of P,, <a, to not exceed (100a)% of the total 


number of tests ki. Thus, not more than about 5% of the P, should be less 4 
than 0.05, not more than about 10% should be less than 0. 10, etc., by definition — 
of significance probability. If k is very large, these percentages are best checked 
within each column: Py, j=1, These are only very rough guidelines, 


because the tests are ‘not all the same, and the total number of tests is likely 


_ The hypothesis test results are only one measure of the model’s ability to 


airport The results of these statistical comparisons ‘must 


= 


results of the sensitivity analyses, and the evaluation of model logic) in making F 

the final judgment about the adequacy of the model for its intended applications. 
_ Model Replications and Convergence.—The internal convergence of stochastic 
(Monte Carlo) simulation model ¢ estimates is an issue separate from (but related 

can "produce average values with ‘extremely high precision, as measured 
the standard error of the mean, but this says nothing about the accuracy of 
those average values i in an absolute sense (i.e., relative to corresponding = 


‘The question of concern here is, “How many independent replications of 
the model (each with a different random | number seed) are required to obtain 
a desired degree of precision in model estimates ‘of mean values of anes of renpenne 


| 
4 
| 
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The degree of precision 1 will be assumed to as a 
confidence interval (e.g., a 95% confidence interval) 


with a different random number seed. Also suppose that from each run o a 
= estimate is obtained of an output variable (e.g., average delay or aircraft flow 
..., L,,). The point estimate of the expected value of n 
‘ = . ‘ 


4 and the variance estimator ald 


if n is at least twelve, the L be 


The of normality is. supported by the central limit theorem even 
if the L, are not normally distributed. Also, the population variance is sams 2 
usually known a priori but must be approximated by the sample variance. 
Res _ The foregoing atone allow us to obtain a confidence interval cite 


n ‘ee than 30; in which 2, is he intent tables; 1 a 
<7 the confidence level; and ¢, (n- — 1) is from a table of Student’s ¢ distribution 
2: ¥ with n - — 1 degrees of freedom. Use of the 1 statistic implies the additional ae 


iy assumption that the L, are normally distributed. The test is, however, oad : 


The 95% confidence interval, + or + oos(n — can be 


Specified i in advance as either an absolute value, Say L+A minutes of Aa ; 
Py or as a fraction B of the “mean value (e.g * Tt. + BL). In this latter case, xe 
g oe which is a popular way to specify desired convergence, it must be realized 
that £ + BL isa random variable and not a fixed range. Thus, the usual 
; for such intervals (e.g., , Eqs. ll and 13) are only approximate because they 

oa In In the cases in which m > 30, the z. value - is usually assumed to be based 
: ona known, | fixed population variance o? C1, even though ¥ we estimate it wih 

Therefore, the number of replications to achieve a precision, 


A 
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even when n < 30, it is “that the « “estimator, 
n. Therefore, the Tequired number of replications can t be 


(12 and 13, t,(n 7 1) is itself a function of 
on. . Seen 3 n must be estimated by trial (i.e., assume a value, say n*, plug © 
in ¢,(n* — 1), solve for n, and check to see if n* is sufficiently close to 4 


then computed: if not, repeat until * and n are sufficiently close). — 


of variates randomly drawn (assuming a fixed number of variates per aircraft) 
in each replication. Thus, it is not possible, and in fact might be wasteful, 
to make any blanket statements about how many replications are necessary ~ 
_ to achieve the desired convergence. Instead, a relationship should be developed # 
between the number of replications, the number of aircraft processed per 
replication, and the desired confidence interval. Such a relation could be depicted 
graphically as in Fig. 3 (schematic only) for a given response variable ee 
— in units of minutes. 


Bao t are processed i in each replication which, in turn, affects the total number a 
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Te SIMULATION MODEL VALIDATION 
‘ad that the curves of Fi Fig. 3 3 are “essentially contours of equal-c -confidence 
interval values. These can be plotted as follows: 

_ Run the model for a large number of replications, say at least 30, for § 
an activity level and for the response variable with the largest variance. Compute : - 
Bh arcracth averages, Eq. 1, for each response variable at every five replications. ; 
Also, compute the cumulative sample variance, _ Eq. 2, at every five replications. 
& will yield the 95% confidence interval for a given number of of replications — 


for each activity level. tel lo ods a 
2. Create a grid made up of horizontal lines at five- replication intervals and 
vertical lines corresponding to the different activity levels, 


_ Compute confidence intervals for each combination of number of 


a 
= 


4. Interpolate contours on. n the grid for 
- conidence intervals (e.g., see the 5-min, 10-min, and 15-min contours of Fig. _ 
_ ‘This may seem a tedious process, , but the result is valuable, namely, a guide 
: ~ for choosing the number of runs for using ‘the ‘model, given specifications on 
the approximate activity level under consideration, in aircraft 


F 


v= 


of Fig. 3 is the product of these last two quantities. bien: 


. ‘The m main conclusions of this paper are: 


disclosed i in a validation; statistical comparisons of outputs ny observed data 
a, ‘Validation of a computer simulation model is (and should be) largely a 
_ subjective process based on a variety of qualitative and quantitative evidence — 
a the model’s logic, goodness-of-fit, and predictive power, 
_ ‘3. Autocorrelation of simulation model outputs and corresponding observed | 
on time histories of airport Should be considered in Statistical 
7 hypothesis t tests of the two | series. 
bir 4. An analysis of model convergence ce should be performed to obtain a atte 
4 n the number of replications of the model required for a desired level of 
c 
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covariance; 
expected value of 
variance calibration variable; 
time lag or standard deviation estimator; tor md 
= time or Student’st distribution; 
Z = variate of standard-normal distribution; ad 
= autocorrelation function. sins, isbora To 
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PROSPECTING FOR WIND: WINDMILLS 


ait 


r = windmill, that familiar if not always reliable “ai of mankind, seems 
headed back into the whirl ag: Visions of wind-driven power sources have 


me 


energy source itself, i.e., the w wind. Effective utilization of wind energy gy will 
require estimates of wind chasactssiatics related - ( 1) Wind turbine aerody- = 


research prior to 1970 has been prepared by the writer (13). Since 1976 the | 
Wind Characteristics Program Element of the Federal Wind Energy Program 7 
has been coordinated by the Pacific Northwest Laboratory (PNL) at Richland, 


terrain, or agricultural growth may drop performance to one third of the original _ 
expectations. Conversely, the appropriate hill or ridge shape may amplify power _ 
= S available at a given height by an order of magnitude above that over flat terrain! : 


_ Recent insights on the influence of terrain suggest that there is significant wind 


_ “Presented at the April 2-6, 1979, ASCE Annual Convention and Exposition, held | 


: . energy available in coastal regions and over complex mountain topography. 


at t Boston, Mass (Preprint 3555). at. to Boe awh 
a. Prof., Fluid Mechanics and Wind Engrg. Program, Colorado State Univ., Fort Collins, 


a written request must be filed with the Manager of Technical and Professional Publications, : 
_ ASCE. Manuscript was submitted for review for possible publication on April 20, 1979. 
This paper is part of the Transportation Engineering Journal of ASCE, Proceedings of 4 
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i seriously producing by such means a significant fraction of mankind’s elect : 
power (sa 6.6 quads of energy by the year 2020). To reach this optim 7 
4 
ror larce svstem oneratons A review of the history of wind Characteristic 
fl 
- ie site selection and presiting evaluation—the subject of the second and third = 
— areas previously listed. Incorrect placement on a site sheltered by buildings, __ 7 
— 
&§ 
| 


Site selection procedures i in instances include Statistical ‘climatology, 
numerical simulation, and physical simulation in meteorological wind tunneis. d 
A review of ‘‘wind prospector’ methodologies is the subject of this paper. | 
‘The second section considers historical siting insights which persist from 
previous Wind Energy Conversion System (WECS) experience. A third section 
is concerned with the analysis of wind energy potential over mesoscale size __ 
regions (1, 000 km x 1, 000 km). The ip mcomvonl of accurate Presiting meth- 


 Historicat 


e United States, most prior to 1945. These electric generating systems were é 
_ sited on the basis of rough ‘‘rules of thumb,” generally a minimum height — 
above obstacles within a specified radius. Installations were encouraged oe 


500,000 small wind- electric systems are known to been built in 
h 


_ there was an “intuitively understood ‘minimal availability’ of wind energy 

_ World- wide experience prior to 1970 with some ten large wind turbines | 
exceeding nominal capacities of 100 kW resulted in a qualitative consensus 
on wind-site evaluation over low-to medium-height ridges or hills (11), 

_. 1. Ridges should be athwart the principal wind hgh but high velocities — 

2. Hill tops should not be. too flat, slopes should extend all the way to = 

wu... A hill on the coast as opposed to an inland hill surrounded by — 
“hills is more likely to provide high winds, i.e., unobstructed upwind. 

4. Speed up is greater over a -Tidge of given slope than over a conical hill © 

Egor 

“al 5. Speed up over a steep hill decreases rapidly with height. 433) me 1 osynbiles aw 

6. The optimum hill slope is is probably between 1:4 and 1:3 with 1:3.5 best 

between 0.5 and 0.67). 39. 10. death 

lak Topographical features in the vicinity | of the hill produce the structure — 

a 8. Frenkiel (Ref. ‘5) ranks sites ritec on the | uniformity o of the summit and 
TABLE 1 —Rank of Sites Based on Uniformity of Summit and Profile 


Quality | 
Optimum | R<105 
Very good 10S < R< l. 10 
Fir | LIS<R<1.21 1:20 smooth 
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probably be avoided. 
height above ground as over level terrain, 
_ great deal has been learned about atmospheric flows since the early siting 7 
_ exercises. Research sponsored by the Federal Wind Energy Program has resulted — 
in the preparation of several handbook volumes which attempt to deal systemati- 


= with the separate or combined influence of terrain features, surface _ 


Nationat ano Recionat Wino-Enercy PorTenTiat 
_ A study comparing, evaluating, and synthesizing three previous independent _ 
national assessments of wind-ener 


1.—| 
aan Areas [over Mountainous Regions (Shaded Areas) Estimates are Lower 
_- Expected for Exposed Mountain Tops and Ridges (3) > pee, 
— examined some of the inherent problems with respect to representativeness - 
and reliability of the surface and rawinsondes wind data, techniques employed 


in the vertical extrapolation of wind power, in the estimation of wind power — 


at a typical 50-m hub height above exposed ground over the contiguous United — 


400 is co 


—_ | 4 over mountainous and offshore areas and areas of sparse data, and in the analysis 
4 nd internolation of the valnec The refined recult for mean annual ind nower __ 
' 7 States is shown in Fig. 1. The estimates are considered to be lower limits 
— _ for exposed sites; however, a few areas may have 50%-100% greater — 
— ower. Since in mountainous areas the estimates are based on the climatology _ 
. ?p Since i tai s the estimates are based on the climatol 7 
— : of the winds aloft, some isolated ridges or gaps may provide power a factor 
a of two or three greater. An area where annual mean wind power (w/m?’) exceeds 


To meet the need _ more detailed analyses over regions below areas of _ 


= km x 100 km, : a series of data- -screening techniques have been proposed. 


of eolian ‘geomorphological ‘features, "suggest that stabilized eolian 
; features in arid climate areas are reliable indicators of wind patterns (10). About 
of the 17 western states are to colina action. of 
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Synthesize Local 
Calculations to Obtain 
Wind Variation 
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Joint meniineiaili -numerical screening methods appear ear suitable for mesoscale 
area evaluation. These methods employ mathematical models of meso and 
_micrometeorology over coastal or complex terrain to extend clomatological data 

from meteorological stations where records are available and predict the ~ardl 
tology of sites, within the region of interest, _ where | data are unavailable. a 
schematic of such a siting methodology is shown in Figure 2. oo yt Snell 30 Ww te, oa 
Three classes of numerical models have been for such 
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(1) Full primitive equation (PE) models; (2) objective : analysis (OA) 
and (3) shallow fluid (SF) or Lavoie models (4,7,8,15,16). Typical Primitive ir 
equation models solve the conservation equations for momentum, energy, and 


_ moisture transport. The equations usually : account for advection, Coriolis forces, 
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FIG. 3.—Terrain Perspective of Tehachapi Region Traci et t al. (15) — 


turbulent heat, momentum and moisture transport, and radiation. The most 
aa versions utilize turbulent models which account for density strati- 
uilibrium, and history effects. Typically they use < a 
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— ollowing grid system with expanded grid resolution peat 


: Various approximations do not not usually pace prediction of of separation ¢ or reduction 
of resolution to turbine-size scales. walled aA), 
ar, alidation of PE methods has been difficult. Vukovich (16) found that data- -type 
inconsistencies inherently present in the field experiments chosen for validation 
forestalled positive conclusions of simulation (16). The model tested explained 
7 between 47%- 81% of the total variations in wind speed and direction measured. 
Traci et al. report their PE model ran in 10 min of CDC 7600 cpu 
‘time / simulation (10 x 30 x 30 grid), which is approximately 20 time: 
than their objective analysis model (15), 
a> A case study application of a PE model has been prepared f. for the Tehachapi i 
_ Mountains, 100 km NNW of Los Angeles, Calif. (15). This area is of current 
interest ‘because of re recent nt proposals that wind energy c conversion n systems (WECS) 


the Southwest basin. Fig. is a "perspective of the Tehachapi region 
incremented at the 3-km resolution used by the PE model. Using climatological 
data for boundary and initial conditions, the model predicts velocity vectors, 
—— water vapor, mean- can-square t turbulent- velocity f fluctuation, and wind- 
The desire to make siting methodologies more economical while ‘mien 7 
hg a accuracy has prompted the investigation of simpler objective analysis 
(OA) and shallow fluid (SF) models. A number of OA codes are available (15,8). 
“The codes are three dimensional and produce terrain dependent, divergence-free ” 
windfields given observed data as input. Input data are extrapolated and © 
interpolated horizontally and vertically to computational mesh points. Horizontal 
and vertical components of the velocity field are simultaneously adjusted in 
-amanner consistent with topography and atmospheric stratification considerations 
_ to produce a nondivergent wind field. The methodology is generally very fast; 
_ however, it does not allow for separation or turbulent diffusion of momentum. . 
variety of validation experiments have been performed primarily against 
field measurements of atmospheric tracer trajectories which are not very sensitive * 
~ to local wind velocity values. Hardy (8) has compared OA calculations and field 4 
measurements over Oahu, Hawaii. Traci et al. (5) performed validation tests _ 
_ against measured wind fields over Los Angeles; 
While the OA models are extremely economical to run when compared al 
PE models, it is s known that their accuracy is dependent on initial windfield. 


sites versus seven sites. The OA method predicted correct wind direction at 
50% of the sites within one sector (22.5°) and tends to underpredict winds 


- When a large number of OA calculations are combined to produce long-term — 
wind summaries over the Tehachapi region, it was found that the reference — 
input station at Sandberg was reproduced exactly, while stations at Techachapi 
_and Bakersfield were reproduced very well and poorly, respectively. In retrospect, 
‘ this was not surprising since valley input data was limited. = | << 
a other class of simple meteorological models considered is the shallow a 


7 computational layer. Terrain: shape, r roughness, 
at small expense. The method has an inherent lack of vertical resolution; however, | 


combinations of OA and SF models look attract 15 2 
i ion an me ook a ive ( (15). 
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FIG. 4.—Near ‘Surface Wind Contours: Flow Field 
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FIG. 5.—Objective Analysis Validation Test Using Los Angeles Data (1 500 hours, 
, 30 October 1974) Comparing Streamline Patterns as Function of Number of Meteoro- 
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1 itis (4) compared an | SF preps to seven per a field data. Six com 
from studies conducted i int the Oregon Cascade mountains. Forty- five percent ~ 
of the calculated wind speeds. fell within 1 m/s of the observed, and 75% 
fell within 2 m/s. For 51 data points the ‘sample correlation coefficient is r 


4 side are analyzed. It is also necessary to identify smaller regions within the 

_ large area where high winds exist. While the variations from site to site within 
several kilometers of each other in flat or - rolling terrain are not - significant, 

i regions of nonhomogeneous and complex terrain these variations may be 

: = enough to jeopardize the economic feasibility of a given turbine site. 
4 number of complimentary tools are available for solving this problem which 
‘ae be applied in the following order: (1) Rules of thumb based on generic 
= data; (2) biological indicators; (3) physical models; and (4) statistical 


the wind program, ‘areas on the order of 1,000 on 


methods with short-term on-site meteorological measurements. 


Handbooks, as mentioned previously, are being prepared based on extensive 
a tunnel and numerical simulation of flow over various ridge shapes, slopes, — 
and surface roughness and different atmospheric stabilities (2). This same data 
has provided a stationary accurate datum against which to check sophisticated © 
PE or OA models (15). Contours of typical flow characteristics over a a triangle 
ridge are shown in Fig. 6. Measurements such as these have resulted in predictive 
equations for wind-speed factor as a fonction of upwind 
and hill shape. 


Biological wind on the flagging or shape of dif different species 
of trees can be used to detect local anomalies in surface winds (17). These 
methods are on calibration of a a given : species against kn knowa wind 
In view of the extreme difficulties in obtaining local wind power estimates 7 


over irregular terrain, it is also natural to explore the possibilities of simulating. Y 


“flow over complex terrain by means of physical model experiments on the 
r laboratory s¢ scale. Similitude criteria | and previous | laboratory case studies are 
_ reviewed by the writer et al. (11,12). The laboratory method consists of obtaining - 
: velocity and turbulence measurements over a scale model of selected terrain 
in in a simulated atmospheric flow. The wind characteristics of the simulated 
 Samwned flow are chosen to reproduce the wind-profile shape and length 
of the equivalent prototype situation. Since field profiles are rarely available “a 
= in advance, velocity profiles and turbulence characteristics are chosen to fit © ay 
-_ an equivalent class of conditions as recorded by earlier investigators over terrain _ 
The representative area studied by means of a laboratory model is located a 
“along the Rakaia River as it emerges from the Southern Alps, South Island, 
New Zealand. . The primary terrain features consist of the Rakaia River Gorge — 
which runs generally in a northwest-southeast « direction. Gorge walls rise 180 


om, su ‘surrounding hills rise to 460 m. To the south lies the e Mount Hutt range 
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e of the Rakaia River 
Per this area. . To the north lies the Rugged Range ‘but habe Fighting Hill and — 
Round Hill are the largest features. A model section 6,100 m wide by 18,300 — 


m long centered over the Rakaia River Gorge was constructed to an undistorted . 


“Mean longitudinal velocity, 1% 
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FIG. 6.—Contours of Flow over Trianguler Rk Ridge, | A/L= 1/2 2: Test 


records stations somewhat removed from 
area suggest moderate to very high wind energy suitable for wind energy : i? 
conversion system sites. Local farmer and fishermen wisdom and folklore speak — : 


_ of incredible winds in the gorge canyon. Extended field measurement — 
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are invariably ex expensive and time consuming, therefore a survey program was 


proposed to utilize laboratory simulation of the relevant wind characteristics 
in a meteorological wind tunnel. To evaluate the validity of laboratory simulation 


methods and provide a confidence “measurement bound for laboratory | data, 
_a simultaneous limited field-measurement program was organized. reeves 
A series of contour diagrams were prepared from the laboratory velocity — 
Z at and turbulence intensity measurements into isotach and isoturb charts. Horizontal 
sections S prepared for a a 10) m equivalent height (Fig. 7) wovelte the river valley 


surrounding ridges. The laboratory simulation results were ese with field 
data by means of statistical correlation and scatter diagrams. The model and 
field results were used to assess the value of such laboratory experiments for “2 


predicting wind over complex terrain. 


100 m) for WECS siting, great care must be taken that horizontal inhomogeneities 
in roughness ant terrain are faithfully reproduced. conclusions suggest 


1. To produce equivalent wind a near ety level requires accurate 


2. Current meteorological data in oe terrain is not yet adequate to stipula 
_ inflow conditions to either numerical or physical models with confidence. Thus 
an adequate approach flow length must provide to allow the surface layer to 
come to an equilibrium with underlying terrain undulations. — 
i 3. Physical modeling reproduced the relative wind speeds found over : conetin 
“terrain by rank to sample correlation coefficient levels equal to 0.78-0.95 (these :. 
_ numbers are somewhat sensitive to the sites chosen to normalize and compare | 
4. Physical modeling reproduced the individual day-to-day quantitative wind © 
speeds found over complex terrain to ce correlation coefficient levels equal — 
5. Physical modeling reproduced the two-field day average quantitative wind a) 
speeds found iy: compren terrain to a sample correlation coefficient level 
— Physical snes reproduced the individual day- -to- -day site wind directions 
found on  comgten x terrain ‘to sample correlation coefficient levels equal to 


Climatology Statistics and simulation techniques are the “‘pick and shovel” 


of the modern mountain meteorologist. It is expected that rapid and i inexpensive 
site evaluation procedures will eventually coalesce into methods to aid in - 


|. 

| 

he 
fm =—=s«ép ast few years is appropriate for physical modeling of flow over complex terrain. ; 
a Since the flow region of interest is usually in the lowest surface layer (z < 7 7 
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The following. are used in this Is paper: 
Baty = base t to peak height of hill or ‘mountain; 


= ‘Tatio of wind speed at height of 40 m to wind speed at height S 
a = wind speed velocity profile power law exponent; and 
SLOPE = vertical hill rise ew! in specified horizontal distance. 
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7 It is rn that the means of getting to and from transit systems and the 
- ease or difficulty with which that portion of the journey is made can affect — 4 
the traveler’s decision to use transit, as munch as do conditions and service = | 


on the system itself (6). That portion of a journey which is spent on the transit 
vehicle or waiting at stops is known as the line-haul portion of the trip. . Those 
portions of the journey spent in getting to ‘the transit system from the trip 
origin, and to the destination from the transit system, are known as the 
_- aecess-egress portions of the > trip, or simply the access portion. Thus, accessibility 
to transit or transit access, » Genie with Romcneniaticn of the trip portions not 
Planning for transit access i is lisnenalet more of a concern for transit planners. 
Given the impact of access characteristics on ridership, and the need for a 
: ‘normative definition of the service area accessed by transit, the development | 
of a methodology to evaluate and plan for access is being undertaken. _ This 


access sot transit systems. 


= ‘is known as its service area. No universal quantitative definition of a transit — 
service area can be given, because its limits are not fixed, except by the habits © 


(actual or expected) of the transit patrons. For the purposes of this" work, 
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_ Strects which converge at a station, a star or circle may be used to approxim 


service area can be approximated by a diamond. For a wabtene pattern 


FIG. for Station on Rectangular Grid Ace Network 

= 


Area for Station on Network 

= the service area boundary, as in Fig. 2 (2). For local bus services, the dominant + 


mode of access is walking, and most bus lines stop on nearly every block © 
along the route. For this type of service, one can assume an access service _ 


idth corridor r along the t transit as in drawing service area 
— 


: bf all points of equal traver ime or distance via a given access mode 
i 
_ 
- | 
 - 
. 


ss accessibility level is measured by the distance, or time from the transit atthe 
— The service area diagrams shown in Figs. 1-3 should be regarded with some © 
- caution for use by planners. First, these service areas may not represent a iam 
true measure of time or cost with respect to specific destinations. Second, _ 
they may not take into account the effects of competing stations, and third, . 
they may not take into account the fact that transit trips volumes originating 
at an enroute station are generally weighted more in one direction than the g 
_ other. For an analysis of the impacts of the foregoing variables, see Ref. 1. 
However, for many planning applications, the | preceding service area rene i 
A service area centered on a transit stop or transit line varies in radius according — 
_ to the characteristics of the line-haul mode, mode of access, and socio-economic — 
= characteristics of the population to be served. In practice, service area boundaries 
can be described: ibed: (1) Bagiccaty the inc! inclusive soundary | for the xth percentile 


gtomaie market, pane 


as the arc of maximum distance for convenient or desirable travel to the transit © 
stop. The terms “tributary area” or “commuter shed’ have | also been used 
tm to describe the service area. Two of the most important questions facing transit 
planners are: (1) How far from the transit line does one draw the service area 
panes and (2) What is the relationship between this distance and some 
standard of desirable transit accessibility? love! diiw 
_ Three problem areas in transit planning have been identified for which access 


a information is ‘required: equity consideration, market penetration, and 
demand estimation for line-haul transit and access modes 


systems. Undoubtedly, planning the location of a new line or stop will exclude _ 


| 
: 
| 
in segments © population. Determining Who is and is nol served OY 
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the synen | isa major problem for the To do this, the 
first define access standards, stating the desired access tirae or distance radius. a 
2. he or she must determine the number of trip origins and destinations — 
lying within that radius. Then, he or she must calculate the number of trip AX 
origins and destinations served both within and without the service area. This’ 
in Fig. 4, is for each alternative route or stop under 


may wish to stratify this analysis by population subgroup, examining service 
provided to minorities, the elderly population, and other groups. Definition of 
access standards may likewise be stratified. Pedestrian access standards for 
the elderly, e.g., may be shorter than those for the population as a whole. 
_ The most difficult part of the Process is likely to hes the definition of standards, 
anu 


DETERMINE 
ACCESS 
STANDARDS 
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ORIGINS 8 
DESTINATIONS DEFINE ZONAL 


STRUCTURE 


PERCENT STOP/LINE 


[ SPECIFY TRANSIT 
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CONFIGURATION 


since no accepted standards exist. The remaining tasks are relatively straightfor- 
ward computations, with wpe of difficulty dependent upon the amount of data | 


To accurately predict transit patronage, the planner must estimate the — ; 


of the population to be served, thus, the extent of the service area. This population, 

_ to whom transit service is available, represents the potential market for the 
transit line. The extent to which transit is selected for specific journeys by 
this population is the market penetration of transit. Estimation of market — 

= requires knowledge of competing modes in the area, and a measure © 


| 
.« 
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TRANSIT SERVICE A AREAS 


ESS DISTANCE TO TRANSIT 
FIG. 5.—Cumulative Distribution of Riders as Function of Access Distance 


> of the disutility encountered in using each mode. In estimating market penetration, bo 
the the planner s should use an empirical description ¢ of the : service area, rather than 
a normative standard. This is due to the behavioral nature of the choice process. 
To estimate market penetration from empirical data, one could calculate - : 
- cumulative distribution of “oer for a given type of transit service by distance a 
as in Fig. 5. Using this curve, one could estimate the maximum area adjacent 
to a similar transit line from which - ae could expect to attract patrons. baat =, 


Demano Estimation ror Line-Haut Transit 


: ment of patronage forecasts, the modal split for the new line. Most typically, - 
the modal split is forecast by the use of a trip interchange model, which examines 
’ ‘ ; and determines mode split for each zonal pair. Calibration and application of 

> mode ‘split models require data on costs and times for various components 

of the trip, for each mode, and each zone pair. For the line- haul portion of 2 
each trip, these costs and time variables can be obtained f; rom existing software, 

_ such as the Urban Transportation Planning System (UTPS) (3). However, the 
aucune times and costs are largely determined exogenously to the model system 
used, and often are only crude approximations. Since it is widely held that 

J time spent getting to transit is more onerous than time spent onboard a a transit — 


vehicle, the planner should obtain an estimate of access time which is as accurate 


Devetopment oF Mooets oF Transit Service Areas (1) om 


=, 


of the urban area served by a transit system. It is known that many factors, | 
such as destinations served, transit travel time, frequency of ook a 
of service, fare » Security, reliability, accommodations for handicapped, and 


an individual. However, ACCESS and service areas should included 


a 4 
| 
q 
| 
4 
, by planners to determine a set of service area standards. These standards could 
_ * be applied to existing and proposed transit systems to determine the proportion © 7 
| 


among ong system evaluation criteria, and indeed are e among the most basic niiemne 


one to consider that location w 

| must also define the appropriate metric for measuring : closeness. It is not 
within the scope of this report to unequivocally state specific standards. Rather, 

it is desired to examine data obtained from a variety of sources and present 
models which show the cumulative percentile of transit riders included within 

a given or travel t time interval a transit it stop, a as derived from 


ell- served by transit? 


a ‘model pra be used to » dotenmine, for a a given location at a 5 distance from 
a transit line, the percentile access distance score for that location. Second, 


the model can be used to find the radius which can be used to determine 7" 
the normative service ¢ area boundary { for that transit it line. ana mode of operation, i 


“according to the desired percentile of riders served, yore or 
In order to insure that accurate and useful models would be developed, it o 


was decided to stratify models by three modes of access: (1) Pedestrian; Q 
= 


_ park and ride; and (3) kiss” and ride. Within thes these three classes, models were 
further stratified by the line-haul mode. For pedestrian access, models were 
_ estimated for the local bus service in urban and suburban contexts, and for 2 

_ the express bus. For auto access modes, models were estimated for the commuter 

rail and the express bus, with express bus models estimated for service from | 

~ both femote and peripheral parking lots. All pedestrian and commuter rail models 
were estimated on the basis of distan ce only, with distance expressed it in feet 

in the former, and miles in the latter. All « express bus with auto access models 

_ were estimated for both distance in miles and time in minutes. The aforementioned 

_ stratifications were limited by the availability of data. Consequently, no urban’ 


rail transit models could be calibrated due to the lack of suitable data. == 

Empiricat Data ano Moveune Proces 

‘The ‘models presented are developed from access travel distance data (access 


mode: walk) for bus routes in Vancouver, British Columbia, Washington, D.C., 
and St. Louis, Mo., and from access travel distance, or access travel toed 


data (access mode: auto) for commute 
Jersey, or both. Models for seven combinations of access and transit 
"modes are offered: (1) Walk to urban bus; (2) walk to suburban bus; (3) coll 
to express bus; (4) park-and-ride to commuter rail; (5) park-and-ride to = 
a bus; (6) kiss-and-ride to commuter rail; and (7) kiss-and-ride to express bus. r 
_ Data representing the first three combinations were derived from Refs. 4, . 
5, and 8. The data used to model park-and-ride to commuter rail, and park-and- ride 
to express bus, are derived from access distributions around six representative | 
7. commuter rail stations and four representative express bus stops in northeastern: 
New Jersey. The access distributions were computed from the data ae a 


_in surveys conducted by the Port Authority of New York and New Jersey 


| 

q | 

q | 
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a ‘terms of a cumulative percentile distribution or “‘less than’’ ogive. For a given 
access mode, a cumulative percentile distribution is constructed by summing» 


the percentages of ‘transit riders whose access trip originated within each distance — 
or time interval. . The percentile distribution is not a means 


inspecting the data, was determined that nonlinear models wou! would 


heoreti no 


= Thus, a family | of eight ; alternative m méiel ‘specifications w was s proposed. :. 
_ An interactive curve-fitting program was written which permitted one to select 
_ adata subset, and pick one of the model specifications. The program transformed 
the models into linear form and solved for the parameters using a least- -mean 


= The interactive curve- ve-fitting program produced scatter - plots of ~~ 
data with the fitted model curve superimposed, as shown in Figs. 6-19. Models — 
were chosen through an iterative process, testing alternative forms and selecting _ 
the equation which produced the highest R* and lowest SEE. It should be 
noted, however, that the use of a least- -squares regression for fitting models 
which have been linearized taking may not pr produce the best 


is recommended (7). 


These data we were first c into “local and downtown” bus rot routes: 
*‘local urban’’ bus routes. The first category included one downtown 
- Washington, D.C. bus route, which has a cumulative ridership percentile curve 
much steeper than the other urban routes used. The higher percentiles found 
in this route are plausible, since the downtown Washington, D.C. route was" 
the only central business district (CBD) route, where densities and transit route 
competition are greater than in “urban area’ ’ routes. Elimination of the downtown <4 
C. route produced a better curve fit and decreased variance. 
_ Fig. 6 shows the cumulative ridership percentile curve which best models _ = 
pedestrian access for bus stops in urban areas outside the CBD. The equation 
3.417 + 0.09739F — 0.00002324/?; |) 
in which Y,, = cumulative ridership percentile at f for pedestrian access to > 


local urban ‘bus routes; and f = distance between origin and bus stop, in feet. _ 

_ Fig. 7 presents the cumulative ridership percentile curve for local bus routes | 
in suburban areas which produced the most corresponding 

18.0 exp 


_ using the access mode, y, made access trips of less than the access distance, = be A 
| 
] 
| 
4 
| 


guy 
in ae Y,, = cumulative ridership percentile at f for neuaten access to = 


suburban local bus routes. It should be noted that when a data from both 
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FIG. 8.—Cumulative Ridership Percentiles: Pedestrian Access Distribution for Express” 


= the local urban and local surburban routes were combined, the ae hol 
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Suburban Bus Stops, 
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express bus. 


Automosite Access To Commuter Ran Stanons 
qm? 


The plots in Figs. 9-11 show automobile access both. -and- ride 
(auto driver to station /stop) and kiss-and-ride (auto rider drops at station / stop), 
- to commuter rail stations in the northeastern New Jersey area. All of the routes 
: examined are radial in nature, centering upon the Newark/Jersey City /New 


York City metropolitan areas. For automobile access, the data is presented © 
for both access distance and access time (measured in miles and minutes, 
_ Tespectively). As before, curves were then fitted to describe and to predict 

. cumulative percentages of ridership originating within given distances or times» 
from the transit interchanges. Only two functions, the negative exponential and od 


1 


istance | From Stop in in 


M ‘Standard Error of 


the logarithmic, fitted the data adequately. However, each has alia The — 
_ negative exponential function consistently underestimates ridership percentages, 
while the logarithmic function overestimates ridership percentages for shorter 
access trips while underestimating ridership percentages for longer access trips. 
‘Based solely upon the R’ and SEE criteria, the negative exponential function, © 
shown in 9, was selected as the best model for park- -and- 
“commuter rail service. The equation is: 


ar exp 


in y which Y,, = cumulative ridership percentile at d for park and rider; and 
d= driving distance between n origin and rail ‘Stop, if ‘in n miles. 


; yg stops, while not exactly analogous to auto driver data, were expected to” 
3 closely resemble auto driver characteristics. In fitting the car pool seed 


1 a &§ 
for pedestrian access 
a 
As; 
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JULY 
time data, the ‘logit curve produced the most distribution, 


in Fig. 10. The e uation of this curveis ha © 


100 


;* 
in which cumulative ridership. percentile att for. car pool passengers; 
and t= driving time between origin and rail top in minutes. 


‘Fig. 11 plots cumulative ridership percentages for driving distances to rail 
_ stops for kiss-and-ride patrons. _ Only one equation, _ the negative oa 


‘he B--02111 


FIG. 10. —Cumulative Ridership Percentiles: Park-and-Ride Car Pool Passenge 
Commuter Rail Stations Jersey — 
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FIG. 11.—Cumulative Ridership Percentiles: Kiss-and- Ride Auto Distribution for 
Commuter Rail Stations (Excluding Jersey Avenue) Sos on 
2 was able to fit these data acceptably. The negative exponential curve — 
an R’ of .9076, and an SEE of 11.55. However, like earlier equations, 
overestimates: short access trips and underestimates. longer access trips. The @ ; 
in which Y,, = cumulative ridership percentile at d for kiss-and- ride patrons; 
and d= driving | distances between origin and rail stop, in miles. juno! towio 
44 
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Automobile a access Patterns to four express bus stops with substantial parking | : 


_ facilities are also examined. Two of these lots, the Vince Lombardi parking 
_ facility located in Jersey City at ‘the | entrance to the Lincoln Tunnel , and the 
ia Bergen Township facility, are located across the Hudson River from 
Manhattan and can be classified as peripheral parking facilities. The two remaining 
Mots are located in New Brunswick and in East Brunswick, N. J. Each lot is 
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= -0.08778 _ 


Rsquare = 0. Standard Er Estimate = 9882 


FIG. 12. —Cumulative Ridership Percentiles: Park-and- Ride Auto Driver Access Time 


_ Distribution for Remote Express Bus Stops - 
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= 0.9168 Standard Error of Estimate = 10.59 
FIG. 13.—Cumulative Ridership Percentiles: ane and-Ride Auto Driver Access Time 


Distribution for Peripheral Express Bus 


than trips to the peripheral lots due to the eases of mode for the line- haul 


a line-haul mode, but more as a means of egress from the auto to the CBD. 
is It is no surprise then, that the automobile trip to a peripheral lot is generally 


longer than an automobile trip to a remote lot. The automobile access patterns — 


for kiss-and-ride to the same four express bus stops again showed that trips 
to remote lots are shorter on the whole than trips to peripheral lots. Iti is tatoresting, 


=f portion of the trip. Peripheral lot use indicates that the bus is chosen not as 7 


“4 


: 
Min away New Tork City, and both are Classilied as remote 
| 
| __ 
‘ showed that-automobile access patterns to remote lots and those to periphera 


to see that the weighted mean access time for kiss-and-ride users to peripheral ape 
lots is longer than that for park- -and- ride users. This result differs from the a 


destinations in the Jersey City pes type of activity would occur much ~ 
less frequently at railimterchanges,; 
_ Figs. 12 and 13 plot cumulative percentage curves for park-and-ride driving 
times to remote and peripheral express bus stops. Both curves fit the data 


adequately, although is very small The remote lot auto 


lative Perce 


Fie. 14.—Cumulative Ridership Percentiles: Park-an ide Auto Driver Access Dis- oe 
tance D Distribution Remote e Express B Bus we Steps ull 
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mutation Percent Ridership 


= 0.8297 
| 


| FIG. 15.—Cumulative Ridership Park-and-Ride Auto Driver Access Dis- 
tance for Peripheral Express Bus Stops 

curve is steeper than the peripheral curve; however it behaves 
approximately beyond 25 min from the stop. At this value, the slope of the 
quadratic» curve becomes negative, which results in decreasing ‘cumulative | 
- percentiles, : an obvious impossibility. In both cases, the quadratic function was, 
found to best fit the data » producing R’ of 0.8903 and 0.9168 and SEE of | 

4 9. 882 and 19.59, respectively. The quadratic equation for auto on access 
a 


distribution by driving time for remote express bus stops, _ 


The equation for drive 
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Y,. = —20. + + 3. 8116 — 0.029587; 


Rsquare 0.91 Standard Error of Estu imate = 7 a 
FIG. 16. —Cumulative Ridership Percentiles: Time D 


Rsquare = 0.8705 Stenderd of Estimate = 11 
i FIG. 17.—Cumulative Ridership Percentiles: Kiss- and- Ride Access Time Distribution . 
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both cases, the “negative curve fits the data best. The 
. Distribution dution by to remote bus stops: 


by driving distance for per peripheral bus stops: 


131.8 exp 


Rs = 0.9318; SEE = = 8. 8.739 


phy 


- +. Curves modeling auto driver access distribution by driving distance for remote ‘ 
= and peripheral express bus stops are presented in Figs. 14 and 15. As with — 

_ ; q the curves modeling driving times, curves modeling driving distances to remote 
§ ~©6——ss ots are steeper than curves modeling driving distances to peripheral lots. In _ 
These 

=o 


ar 16 and 17 show the access distribution by driving time for kiss-and- ride 
_ passengers ers to remote and peripheral ‘express bus stops. In these cases, = 
negative exponential function fits the remote lot data best, while the eng 
fits the peripheral data best. _ The negative exponential form produced an 4 
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FIG. 19. aii Ridership Percentiles: Kiss-and-Ride Auto Drops. Access Dis- 
ss distribut ution by driving time for or bus 
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equation modeling kiss- and- ride access distribution by driving time for 


The final equations the and-ride access distribution by. driving 
distance to remote and peripheral express bus ge The curves produced f from 


— mens, the distribution of access distances t to remote lots is steeper a 
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than curve modeling the distribution of access to o peripheral lots. 

_ As was the case with the access distributions around commuter rail stations, — 

_ the curves modeling the access distribution of kiss-and-ride patrons are steeper 

thee the auto driver curves. Similar to the equations modeling kiss-and-ride 

access distributions by time, the negative exponential curve fits both the remote 
7 lot data and the peripheral lot data best. Cumulative ridership percentiles = i 

i kiss- and-ride access to remote express bus stops, Y,,,, can be ae for 


—0.9301 pr od transi time = 
Kiss-and-ride access distribution for cumulative ridership percentiles, Y aga! , by | “a 
driving express bus stops can be given by We 
‘ke 2 
on which dave These were: (1) Walk 


= For a given access mode and an sn distance, the planner can use the Ma 
calibrated models to estimate the percentage of transit patrons originating within 


7 the given access distance using the particular access mode. In Eqs. _ 15-28, the 7 


‘models are | reformulated with cumulative ridership percentile, y (asa percent < + ; 


rather than a decimal), as the independent variable. These expressions enable __ 


the planner to estimate the access distance or time from within which comes on 


a given percentage of transit patrons using a given mode. The median access wad’ 
distance or time to a transit stop for a given access mode, e.g., is easily estimated. 
Also, the planner could determine the radius of the service area, f, d, or t, i. 
_ which corresponds to a particular market penetration for ridership. These types 
of calculations would help transit planners to determine the level of service mean 
7 which a transit system or line provides tothe community, = | 
(a) Distance to local urban bus stops outside CBD: 


f= 2095.3 — 21515 V0.00917 — 0.00009296 Y,, 98.6 
(b) Distance to local suburban bus stops: 

#9 

(c) Distance to express bes 


= 


fae 


2 Park-and-Ride Access; 


ond 


| i 


q 

4 


to express bu bus stop 


= 13.98 +4, 737 


100 = 


@ to remote express bus stops: 
1 = 36.57 — 5.696 V'39.61 


< 


Time to peripheral bus stops: 
t= 6442-1 16.90 V 12.097 — 0.1183 Yue 


4.42 — 


(a) Distance to commuter Jaan stations: 


(b) Distance to remote express bus stops: 


= 7, 


i s bus stops: om 


/12.70 — 0.1304 Y,,-; O< 


in which Y. = cumulative percentile for mode/access mode 


tion, = walking distance, in feet, between origin / destination and bus sstop 
; d = driving distance, in miles, between origin and transit stop at y; and a 


divin in minutes, between origin and at y. 


| 
a 
(25) 
& 
| 
a 
| 
—— — 


on the data from which these models were constructed. _ The data, and thus, 
the models, do not make explicit impacts of station or stop competition, street 
patterns around the stop, the ridership habits of the stop’s patrons, the — 
economic status of the stop’s patrons, downtown parking rates, or highway > 

_ congestion. The only independent variables used in the models presented : are 
transit access trip distance and transit access trip time. 
7 - These models describe access distributions around an average stop fora given 
combination of access mode, transit mode, and urban location. They are therefore © 

applicable on a system-wide or area-wide basis. As such, these models will 

be useful in estimating overall transit service market penetration. These models 


7 will not aid in making specific route location decisions, or in estimating specific 
4 


tradeoffs between shorter line-haul times and shorter access times. work ue 

_ Models were constructed for all combinations of transit mode and a access — 

mode on which data were obtained. These were: (1) Walk to local bus service — 
¥ in an urban location; (2) walk to local bus service in a suburban location; (3) 

_ walk to express bus service; (4) park-and-ride to commuter rail service; (5) 
_ park-and-ride to express bus service; (6) kiss-and-ride to commuter rail service; — 
and (7) kiss-and-ride to express bus service. Data were not obtained on subway — 

i Of the combinations examined, some produced better-fitting models than others. : 
_ All of the models describing automobile access distributions for express bus — 
stations were hampered by a lack of data once the data were divided into 


which fit the well, the automobile access distributions for express bus 
= Perhaps the best models were those describing walking distance to local si 
_ service in urban locations, walking distance to express bus service, and auto_ 
7 rider driving times to commuter rail service. Each of these models exhibited © 
: a high R® and a SEE under 8%, which means that each describes the data 
[tis clear, however, that the models are saeiiadin te enough to determine normative 
Classifications for transit service areas on the basis of access distance and time. 
It is expected that future research and data collection could yield even better 
: estimates. In using these models, it is the individual planner who must make 
: _ the cru crucial decisions about the appropriate standards to use. 
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DATA COLLECTION VIA ‘SATELLITE 


William G. Shope’ and Richard W. Paulson? 


aw! by the Aerospace Division) 


_ The United States Geological Survey is operating a . nationwide network a 
- more than 9,000 automated hydrologic data-collection sites. The Geological oo 
also operates an extensive computerized teleprocessing network used for pare 
_ publication and data distribution to the water-user community. With the exception q 


of several hundred sites, the data are transferred from the collection network 


to the teleprocessing network using manual operations at 4 week—6 week intervals. 2 
In an effort to decrease the time between collection and distribution, the Survey | 
has been investigating the use of automated satellite telemetry to improve methods © - 
for remote-data acquisition. The objective of the improved remote-data acquisition ‘ 
system is to provide water-data users information in a timeframe that better 
4 meets water-data users needs. . Automated remote-data acquisition also benefits — 
the ‘Survey through near real-time monitoring of instrument operation 
~ hydrologic events. Where data are are needed on a weekly or monthly basis and © 
for sites that are difficult to access, remote-data acquisition through modern © 
telemetry also results in data collection cost ‘savings because of fewer visits 
he inv 
instrumentation improvement program being conducted to improve and develop 
new automated sensors, data sampling techniques, data recording nn ll 
and data communication methods. = 
- One of the major objectives of the telemetry investigations is to identify = 
the requirements for real-time hydrologic data and how the data are used in 
water management. From this effort the Survey is formulating quantitative cost _ 


“Presented at the October 27-31, 1981, ASCE Convention and Exposition, held at 
“Hollywood, Fla. (Preprint 80-561). 
- ‘“Chf., Data Relay Project, Water Resources Div., United States Geological Survey, 7 


- ?Instrumentation Coordinator, Water Resources Div., United States Geological Survey, 

 Note.—Discussion open until December 1, 1981. To extend the closing date one month, 

a written request must be filed with the Manager of Technical and Professional Publications, = a 

ASCE. Manuscript was submitted for review for possible publication on September 16, 

_ 1980. This paper is part of the Transportation | Engineering Journal of ASCE, Proceedings 

of the American Society of Civil Engineers, ©ASCE, Vol. 107, No. TE4, July, 1981. 
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‘8 yr, the Survey has been evaluating satellite data- collection technology a 
has been attempting to improve a and apply this technology to collect t hydrologic 
data. On the basis of these ongoing tests, the Survey is : developing the: management 

; procedures for the operation and monitoring of a real-time data-collection aystes 
s includes both Geological Survey and contractor personnel and services. — 


‘communications are now fully sqetitionsl with all or part of the costs —_ 
by the water- -data users. Efforts to collect economic and t technical data 
continuing, and will be intensified through a 105-site pilot project with COMSAT _ 

_ General Corporation. The use of brand names in this report is for identification — 
gz only and does not imply endorsement by the United States Geological 

Survey. The United States Geological Survey and COMSAT General i 
. 18-month pilot that began in August 1980, will permit the evaluation of a contracted | 


service for real-time data collection. The program is also being used by Geological — 


Survey economists to investigate how real-time data can be used in improving © 
water-resources management and what benefits result. 
3g addition to the pilot contract service, the Survey is attempting to improve “a ) 
methods for delivery of real-time data to users through procurement of satellite 
direct-data readout stations and to improve instrumentation for the collection 
_ Effective management of water resources requires that current hydrologic . 
data be readily available to planners and managers. The Geological Survey has 
the principal responsibility within the Federal Government for providing hydro- 
logic data and appraising water resources to facilitate evaluation of water 
problems. To accomplish its mission, the Survey, in cooperation with State 
and local governments and other Federal agencies, conducts investigations, 
surveys, , Studies and research on the occurrence, quality, quantity, distribution, 
u utilization, | movement, and availability of the nation’s surface and ground-water + 
resources. Essential to all of the studies are hydrologic data, and a most important — t 
activity of the Survey is its systematic, nationwide program of data collection, — 
_ The backbone of the Survey’s collection of hydrologic data is an automated 
9,000-site network used for collecting hydrologic data from streams and rivers 
throughout the United States. Data from these stations | provide information 
for a wide variety of uses such as: (1) Planning; (2) managing reservoirs; (3) 
issuing flood warnings; (4) allocating water for irrigation and hydroelectric power; 
_ (5) monitoring the flow of streams to insure that treaties, compacts, and other — 
. legal agreements are honored; and (6) monitoring the quality and quantity of 


_ At the present time, measurements | taken at most data- -collection stations are 4 
automatically punched on paper tapes that are retrieved during visits to each 
_ site at intervals of 4 weeks-6 weeks. The tapes are manually checked for time 
and data reading errors and then entered into devices that transmit the data 
‘through | telephone lines to the Survey’ s national nal headquarters 


henefit eatimates. for re 
| 
| 
| 


where the data are on ‘computer tapes. the data have edited 
: : and processed by the Survey computers, they are available for retrieval through 
the Survey’s national network of remote computer terminals. Although the 
‘measurements are recorded on site in a timely manner, the collection and 

under ‘this system includes a time lag of at least weeks-6 weeks 


m (WATSTORE). Water data stored i 
: ‘in . WATSTORE, as well as several data fie outside the Survey are indexed 
by the National Water Data Exchange (NAWDEX). It is through NAWDEX 
‘and the WATSTORE system that the majority of hydrologic data are disseminated — 
to the wette-asee community through computer information retrievals and 
7 publications. Additional information on WATSTORE can be found in Showen ~ 
(6), and information c on NAWDEX can be found in Edwards (2). 3@) was maser: 


more and timely data. National economic growth has meant an increase in 
the of users of hydrologic data ‘who Operate hydropower 


as urban planners who must consider the hydrologic system in their sheniag: ; 
and environmentalists who want to clean up or prevent further environmental 
‘ degradation. These additional requirements for hydrologic data have ‘been 
_ translated into a need for additional manpower, into a need for more hydrologic 4 
- data, particularly water-quality parameters, and into a need for these data to 
“be delivered to users in a more timely manner. _ ee er 
“tb Telemetering data from automated data-collection sites resolves other vecdina 
b _ besides saving manpower and acquiring more timely data. The operating agency — 
_ has available a link to their remote sites in order to monitor hydrologic conditions 
nd instrumentation performance in in order to schedule special field visits to 
; collect unique ‘samples, take measurements, or repair the data-collection | equip- “i 
a ment. More timely data from the sites through remote-data acquisition can mean } 
% User requests for more timely data, data with a smaller elapsed time between 
_ its observation and receipt, has been met only —s The time requirement 


» 


but the time required for getting the tape to the computer is ; constrained by 
the frequency of retrieval of the tape from its stream-recording site. Requirements _ 
7 of some users for more timely data have been satisfied by increased site visits — 
_ for pickup and provision of data every 30 days, and for others every 10 days, 
but this provision has been cy in terms of manpower. For several applications, 
- re need imes daily or even hourly, such as in optimally 
allocating the available water supply between irrigation and hydropower genera- 
= or in optimizing water releases from a dam system in order to minimize 
‘flood damages. Where demand for ateneaad data has been on a real time 


a 
Survey national computer network consists of four large 
q _ computers in the Survey’s national and regional headquarters, and approx 250s 
1 
rocedures 1Or acquiring Gata Irom tne COMecuOon sites and entering ine 
~ data into WATSTORE are manpower intensive and time consuming. These two 7 
o _ factors are causes for concern in terms of present and future demands for | j : 
| 


. basis (hourly or daily), | has attempted to 


radio networks. In some instances where real- -time hydrologic data needs have 
been vital, the responsible water-data user agency, has installed and operated 
devices in the Survey’ river gaging stations. This has 


independent telemetry s systems have often | aaeeill costly because of the inherent 
be redundancy between systems and the need for installation and maintenance 
of relay stations (radio) and cables (land lines). The reliability of these systems 
has also proven to be a problem during severe weather 


when water-data needs a: are most critical. 


The telemetry of data from remote data- collection sites can and is being 
_ accomplished by a variety of mechanisms. The major components of a telemetry 7 
system are the sensors that measure or detect changes in an observed constituent — 
~ such as stream stage, encoders that convert the sensor output to forms suitable — fe 
for transmission, a transmission system that ‘provides the link from a sensor . 
to another location, and a data reception and distribution facility that sorts, — 
decodes, checks, and distributes the incoming data. The most important compo- 7 
nent, and the one that characterizes the entire system, is the transmission media. 
Conventional 1 methods incinde land lines (telephone) and high- “frequency and } Zz 
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‘within the last 10 yr “meteorburst and ‘satellite data- collection 


a The anton | is referred to Halliday (3), for a more complete review of telemetry 


or exterterrestrial systems best meeting the users needs. The Geological Survey’s 
objective is to develop a national system that will meet the needs of a variety 
of water users and data collectors under a wide range of geographic conditions. 


As series of tests that began in 1972 with the National Aeronautical and Space Wy 


with the geostationary orbital environmental satellite GOES, to evaluate satellite 
telemetry for the Geological Survey’s national hydrologic remote data-acquisition 

ae The GOES satellites are operated by the National Earth Satellite Service 
(NESS) of the National Oceanic and Atmospheric Administration (NOAA). The — 
tests conducted by the Geological Survey included two Government operated 

he (Landsat and GOES) and a commercial satellite used in an 8- month | 
demonstration with COMSAT General Corporation and Telesat of Canada. = 
more complete descriptions of the tests, the reader is referred to Carter ont 

- Paulson (1). The results of the tests have shown Satellite ining when compared 


respond 
| 
) 
| 
considera 10n Of many Tactors such as Cost, reliability, responsiveness, Coverage, . 4 
a growth, and flexibility. The choice of a telemetry system for an area of limited 
a size and uniform geographic characteristics could result in any of the conventional iia 
7 install and operate, able to cover vast areas, and extremely flexible in carrying a : 7 


v Satellite data collection systems are are built around Earth ‘orbiting sat satellites that 
are used to relay data transmissions from networks of data collection sites 
to one or more receive sites. The onboard instrumentation that performs the © 
relay function is a satellite transponder. The is a combination radio 
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F = retransmits the data back to Ear 

- and ‘signal : strength. A satellite data ‘collection system is made up of five major 

7 elements that include: (1) Sensors; (2) small radios called data-collection platforms; q 
_ (3) satellites; (4) Earth receiving site(s); and (5) a data processing and distribution 7 


b ane The sensors used bed the rye Survey are generally battery operated = 


___-FIG. 1.—Cutaway View of GOES Data Collection Platform (DCP) and Test Set used 
‘DCPs also are battery operated (12 Volt) and a are generally positioned 


to the satellite. The DCPs offered in today’s market place offer a wide range 
of capabilities that include both reception of command messages relayed from 


buffered blocks of ‘data at fixed intervals. Many of these DCPs can also transmit 
‘random- ~emergency messages immediately following the detection | (by the 
of a critical element of hydrologic data. “The ma major components ¢ of a DC de are 
the power unit (battery with solar panels for recharge), antenna, computer 
- memory, programmable microprocessors, clock, and radio. Costs of these DCPs - 
“generally range between $2,500-$5.000 for a complete A cutaway view 
ot a toy and the test set used to program and test the DCP are shown in 


pe 
order for a DCP to successfully tr transmit ttoa satellite, it must rider 


ala. and provides an interiace to the data-coliection platforms papers 
[a 6FSstéiétatpe's’ aaa: «used as a backup in case of failure of the telemetry system. The 7 
= +§ acontrol center via the satellite (interrogation) and self-timed transmission of 


paar ‘line- ~of-sight to the space craft. To complete the link heck to Earth, the 
‘satellite must simultaneously also have a clear line-c of-sight (view) to 1 ) the receive 


sites. The view of each satellite is determined by its orbit and there are basically __ 


and appear to be in a fixed position. These geostationary or geosynchronous 
Satellites: have a constant view of almost a full hemisphere. . The GOES satellite — 
Telesat’s ANIK satellite, that was used in a commercial 
satellite demonstration with COMSAT General, are geosynchronous satellites. 7 
_ Another type of satellite is a polar-orbiting spacecraft that circles the Earth 
every 100 min-110 min at altitudes of approx 900 km. Because of the orbiting 
characteristics of these types of satellites, the spacecraft has a mutual view 

of a DCP and receive site, "only 2%- 3% of a 24-h day for most locations in— 

- the lower 48 States. Examples of the -polar- orbiting satellites are the. co 
_and NOAA series (TIROS-N and NOAA- more coverage of DCPs 


and satellites can be foundin Carter(I), 
The fourth component of the data ee system is the satellite Earth = 


equatorial plane at about 36,000 km, , Fotate at the same speed as the Earth, = 


a receive site, -, also referred to as a direct- Teadout ‘ground terminal. Receive sites 


and control, reception of data from onboard sensors, | reception of data messages 7 
_ transmitted from the DCPs, and dissemination to a data-distribution system. __ 
_ An important function of the data-message processing at the receive site is 
_ the monitoring of DCP-message signal strength, frequency drift, and other 
= that give | the operator valuable information concerning the entire 
_ data-collection system. . The NESS operates « only one Earth receive site located 
at Wallops Island, Va., for the GOES satellite data~-communications system. 
_ Most users of the eyetem, including the Survey, depend on the NESS centralized a 
«System for data acquisition. The reader is referred to National Oceanic and 
Atmospheric Administration (4) for the GOES data- 
- Several users of the GOES system in an effort to reduce system complexity, — 
_ increase timeliness of the data, and reduce dependence on land lines, are turning 
to local passive (receive only) satellite direct-readout ground terminals. These 7 
i terminals, which can be obtained for $80,000-$120,000, provide a user with ks 


immediate access to the data transmitted from the satellite. 


Included in the last element of a satellite data- collection “system are 
processing and distribution. This part of the system provides a means to deliver 
the data to the user and convert the data to information that will assist the 
water-resources manager in making decisions and taking needed actions. Many 
z the major components of the satellite data-collection system are operational, 
however, the processing and d distribution o} of | real- time data is not yet fu fully ¢ defined An 
or automated. The Geological Survey is now working | with the users of real-time 
hydrologic data in order to identify the requirements of an automated data- dis- 
tribution system. There are two operational satellite data collection systems 
in use today. The GOES and TIROS-N-ARGOS are providing satellite data- relay : 
= toa wide variety of national and international | users. In both ‘Systems, 7 


j 
i 
: ; two types of orbits used. Satellites placed in an orbit coincident with the Earth’s | e 
: 
&g 
| 
&g 
| 
i 
| 
| facilities and also provides limited data distribution. Data processing, storage, §=§ fj 
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and distribution to the water-data users is the feeponsibility of of the data- 

bool tadi 2109) exe cred) tam 

_ The Geological Survey is operating an expanding 210-site network Sin 
_ 1980) that is supported by data relay through the GOES satellites. These sites 

- cA are operated by Government employees with equipment purchased by the Survey. a 
The GOES satellite data communication system is provided at no cost to the 
Survey under a Memorandum of Agreement with NESS. This agreement specifies 

_ NESS as the operator of the satellites, Earth receive site, and a data- Gistribetion 
center. The Survey, through a project office in Reston, Va., operates a ¥ 


communications minicomputer that acquires the DCP messages from the NESS *) 


, 


data-distribution center in Camp Springs, Md. After acquisition of hydrologic a Po 


_ data from NESS, the communications minicomputer automatically enters the 
_ data into the Survey’s H Ydrologic Data REal-time Computer Processing System > 
7 (HYDRECS) located on the Geological Survey’s Reston, Va., Honeywell Multics 
computer. Data are entered into HYDRECS to provide water-data with 
access on demand, to real-time hydrologic data. Evert 
_-_Users access hydrologic data from the computer in an interactive mode, 
"permitting almost immediate retrievals of hydrologic data that were transmitted | 
only minutes earlier from the national network of telemetered remote sites. 


The HYDRECS system functions as an experimental real-time front end for 


the National Water Data Storage and Retrieval ‘ System (WATSTORE). At the ht = 


end of each day, data are automatically transferred to the WATSTORE system aa 

in the Geological Survey’s Amdahl computer. 
_ By early 1981, the Geological Survey will be adding an additional 105 sites 
to its network through a contract with COMSAT General Corp. This s pilot contract 
-_Tequires the vendor to provide a real-time data- collection service, including the a 
installation, maintenance, and and operation at existing Geological Survey data- 
collection sites of all ‘equipment required to measure and transmit data to the 
GOES satellite. The COMSAT General will also operate a direct-readout terminal 

and data processing and distribution system. The pilot effort will permit the 7 
Survey the opportunity to evaluate a contractor service in comparison with — : 


ongoing Survey operated | activities. If costs contractor effort may 


Of the 210 sites now operated by personnel from the Geological Survey, . 
all except 9 are paid for in part or in whole by the water-data users. il 
biggest single user is the United States Army Corps of Engineers who depend 
on real-time hydrologic data for reservoir management. The Geological Survey 
has been collecting hydrologic data for the: Corps and many other Federal. agencies 
for many years. The addition of satellite telemetry to monitor gate openings 
in dams, reservoir levels, and tailwater and headwater conditions is an enhance- * 
ment of the existing program. The Corps estimates that close to 2,000 sites _ 
may be instrumented for satellite telemetry over the next 5 yr. Many of these 
_ sites are targeted to be operated in cooperation with the Geological Survey. ~~ / 
~ Another 1 major application for real-time hydrologic data is the collection and 
analysis of ralnfoll and -stage values flood warning. The Mount St. 


= 


_ Helens eruption on May 18, 1980, caused major changes in the nduiiee of 
‘Spirit Lake and rivers north and west of the volcano. A large flood followed ml 
the major eruption, and there are fears that additional floods may follow. To Dd 
‘monitor the hydrologic conditions near Mount St. Helens, 10 data-collection _ 

: platforms with capability for immediate transmittal of emergency messages have - 

s =©6-—Ss: been placed near the mountain at strategic locations. The emergency messages 
_ will be transmitted should the river stage exceed a ‘specific limit programmed — 

into the platforms by the operator during installation. During stable conditions, 
these platforms will transmit data at regularly scheduled 3-h intervals. The as 
_ Platforms are operated by the Geological Survey’s office in Tacoma, Wash. | 
_ The Tacoma office also operates data-collection platforms that collect hydro- 
_- information for users concerned with hydroelectric power generation. In 
ES to the GOES telemetry, the Tacoma office currently operates a 40-site F 1 


ultrahigh-frequency line-of-site terrestrial radio network for telemetering hy-— 
a data from In 1981 will replacing this 

off 


‘ate 
FIG. 2.—GOES Site i in Florida g 
df network with a satellite relay network built around a local GOES direct-readout 
_ ground terminal. This terminal will be shared by other Survey offices in the 
. Pacific northwest and will include other Federal agencies. The Tacoma terminal ; 
will serve as a prototype activity for future terminals that may be used in 
ae second application related to flood warning is a 40-site GOES satellite 
telemetry 1 network for collection of rainfall and stream- -stage data in the Salt — 
River basin in Arizona. The first 23 sites are scheduled to be operating in 
1980, with the remaining sites to start operation in 1981. 
_ all applications related to the collection of data for flood warning. The 
_ principal data user is the river forecast center network of the National Weather 


4 Service (NWS). These centers collect an d analyze all relevant intonation 


including data from the GOES" telemetry system and data from the NWS 
observation systems prior to issuing their river forecasts and flood warnings. 
Hydrologic data from all GOES data-collection platforms are automatically made 


available to © the NWS computers in Suitland, ‘Md. through | internal NOAA 


«=s 
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communication links between NESS and NWS. These same computers are used 


‘ for running the river forecast models used by the majority of Nws river forecast 
_ There are a number of other applications for real-time hydrologic data that 
- could significantly benefit water-data users in managing water resources. These — 
_ applications include monitoring water quality, water supply forecasting, —— 
navigational waters, allocating urban water supplies, and managing water 
_ sources for irrigation. ‘Data for these and other water management applications 
are being telemetered from Geological Survey data collection: Sites, ‘but the 
+ data relayed via satellite are not yet fully utilized in a real-time mode (within 
alresdy proves to te « pelable, eal for - 
; i The primary utilization of satellite telemetry i in the Geological Survey today “4 
is operation and management of portions of the hydrologic data-collection aa 
_ network. Because of manpower and transportation c costs, itis s often less expensive 


- visits to ‘remote : sites to collect data and inspect the instrumentation. ‘Sites that - 
are difficult to access or require provisional data to be distributed more often 
than the normal 6-week manual acquisition cycle are good candidates for satellite 
telemetry. Fig. 2 shows a GOES site in the Florida Everglades where stage 
and rainfall data are collected and transmitted. Sites ‘such as s this < one > often 


; = entry of data into ‘the WATSTORE system “from 4 weeks-6 weeks, | toa 
- minimum of | day, the field operations personnel are also able to —— 
the performance of automated instrumentation, including the data- collection — 
_ platforms, and to observe in relative real time, the occurrence of critical or 
peer hydrologic events. These events may warrant unscheduled site visits 
in order to > manually - collect water- quality samples or measure the stream 


- jaapect and application of these systems on on the national hydrologic | data- collection — 

_ network are well understood. What is not yet fully known is the future 
“requirements and potential benefits to society of a data- collection system that 

- can provide timely data to the water-resources management community. In order 
“J to identify and document these requirements and potential benefits, the Geological 
pet ¢ has initiated a number of “economic st studies concerned with the availability 


4 
; 

| 
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tion is being conducted ptimarily to document the benefits, costs, uses, and 
requirements for providing real-time hydrologic data to the water-data user 
‘ _ community. . The Geological Survey completed an initial benefit-cost study in 
November, 1978. Based on the projected benefits from: flood warning and 


(1980-1982)¢ to verify y the | projected benefits : and to study potential benefits derived 
from the availability of real-time data monitoring. The new economic study — 
is to be completed in early 1982 and will attempt to quantify benefits and costs — 
through actual water-data user involvement with real-time hydrologic data. The 
economic study is is also to effectiveness of 


| 
g 
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of the Survey si sites operational cost savings for data collection will not — 
added current costs of procuring and installing a a satellite -data- 
‘System. With increased future use of the satellite for data collection, and improved | = 
"technology, the costs for satellite telemetry are expected to decrease in elation 
_ For the last 2 yr the Geological Survey’s satellite telemetry network has — 

been growing at an average of 60 sites per year. Accelerated growth of this 
network is now dependent on the 1982 economic study and the relationship — 


q .. costs to the benefits derived from the use of real-time hydrologic data. = 


The development of an effective remote-data telemetry a bat is an on-going 


activity that may require 3-4 additional years before a fully operational national — 
_ system is in place. At the present time, almost 75% of efforts of the Geological 
. Survey related to satellite telemetry are devoted to planning, research = 
development. . very brief of these activities are presented in the 
Economic studies of costs, benefits, uses, and requirements. 
3. Interagency coordination through several working groups attempting to — 
improve, standardize, and promote the useof GOES. 
Data ‘processing improvements to provide further automation of data 
- Intelligent sensors that are able to vary "recording, measuring, , and 


hang visits s to the s sites. ‘ap an 
Test local satellite direct-readout ground terminals. 
7, Develop a management strategy for the operation of a national to 


_ Nation’ Ss water resources. Real-time hydrologic data are potentially useful in 
_a number of applications that include improved flood warnings, irrigation water > >= 
allocations, water supply forecasting, reservoir ‘management, monitoring water 


An economic study conducted the Survey the accumu- 


| 
| 
4 
im 
am 6€=6s-snnetwworrkss for acquiring and distributing hydrologic data to the water-data user ps 
a * community. Efforts are being made to bridge the gap between the collection 
teleprocessing networks with an automated telemetry system that can provide 
+ - hvdrologic data in a timeframe that will help improve the manasement of the _ 4 
| 


and irrigation- -water allocation, outweigh the costs a providing the satellite | 
telemetry system required to acquire the data. The same Study 
- manpower savings for operations alone are too small to justify y the costs incurred a 
in developing and operating the major part of the telemetry system. és oie al 
_ The Geological Survey is continuing to study the costs and benefits of providing . 
real- time hydrologic data to the water-data user community. The contracted _ 
-105-site COMSAT General pilot project will be used to study the improvements 
to the management of water resources provided by the availability of real-time 
_ Satellite data telemetry has already proven to be a ‘reliable, and for many 
applications a cost-effective tool for the remote acquisition of hydrologic data. 
3 Geological Survey through 8 yr of experimentation, contractor services 
3 studies, new instrumentation development, and intergovernmental-agency — 
_ cooperative programs is at attempting to > improve sat satellite data-collection methods. 
Over 200 sites now operated by the Survey are fully ¢ operational with costs 
- paid for in full or in part by the water-data users. Justification for satellite 
“telemetry at these sites is based on special requirements such as site accessibility _ 
oF special data reporting requested and financed by the water-data users. Sites 5 
> these special characteristics make up a small percentage of the existing — 
= 000 site network, A significant expansion of the existing satellite telemetry 
- network now depends on amore complete understanding of the needs for real-time — 


hydrologic data for water- resources and the additional 
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NoDE ANALYSIS ¢ OF WATER 


_ Water distribution systems are used in many branches of engineering. They ; 
are used for urban and rural water supply purposes, industrial water soppy 
- schemes, and sprinkler irrigation projects. The present design practice for such 
_ water distribution systems is to provide an economical system that can supply “a 
_ the design demands at the various nodes at heads at least equal to the minimum 
_-Tequired ones. However, in due time, it may happen that the actual demands 7 ; 
at some nodes may be more than the design demands due to reasons such 
as: (1) The actual growth pattern may be different from the anticipated one; zz 
: g (2) the system outlives its design life. In such cases, the distribution system, — 
as it is, may prove to be inadequate, at least at some of the nodes, to satisfy 7 
_ the nodal demands. A looped system may be inadequate, even for design demands, © a 
when some pipes are closed for cleaning, repairs, or replacement. To determine 4 
"whether a distribution system is adequate to satisfy the demands, an analysis © 
of the distribution sy system is carried out. 
In the distribution system analysis, it is s assumed that the demands at the. = 
various nodes are satisfied and accordingly the flows in the various links and 
_ the corresponding nodal heads are estimated. This type of analysis usually =a : 
with the estimation of nodal heads and therefore is herein termed Node Head 
Analysis (NHA). [As stated by Shamir and Howard (i), occasionally, sf 
consumptions at some of the nodes may be unknown and therefore rauied 
to be estimated. However, even this type of analysis can be considered as 
NHA as shown later. Thus, the NHA is the usual solution of the pipe network 
analysis in which either a flow condition or a head condition is imposed at 
each node.] In the NHA, the nodal heads are estimated and then compared pA 
with the Tequired ones. Thus, ‘the NHA helps in locating the nodes that are 


. deficient in head requirements, in estimating the nodal head eee and x 
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boosting pressures in the system to ensure the adequate nodalheads. ~~ 


In the NHA it is assumed that the additional heads at the source nodes | 
or the boosting pressures: are available and therefore the nodal supplies are 
equal to the nodal demands. However, if such additional heads or boosting 
- pressures are not available, the distribution system fails to simultaneously provide * 
_ the demands at all the nodes. Though some nodes may be able to satisfy the 
- demands, some others may partially fulfill the demand requirements while the 

remaining may fail to meet any demand at all. To” analyze such a situation — 


it will be necessary to consider the e distribution ‘system as it is and then — 
the actual outflows available at the various nodes and the discharges in the 
various pipes. In contrast to the NHA, this type of analysis is herein termed 
Node Flow Analysis (NFA). Thus in the NFA it is assumed that: (1) Netter 
= additional heads at source nodes nor any additional boosting pressures 
anywhere in the distribution system are provided; and (2) flow at a node can — 
occur only if the available nodal head is at least equal to the minimum required 
- Assumption 2 implies that no consumption can occur at a node unless 
the minimum required pressure exists. A valve like behavior is assumed wherein a 
the valve opens completely but only when sufficient pressure is available. ee 
Several approaches are available for the NHA of distribution Systems. The 
approaches are based on the Hardy Cross method (4), the Newton- Retess 
_ method and its variations (5,6,8,10,11), the Newton-Cross method (7), linear — 
theory (14), and electrical analyzers (9). Although the writer has developed — 
_ NFA techniques for serial water distribution systems (1), no methodology is 
presently available for the NFA of the distribution systems in general. The : 
Purpose of this paper is to develop such a methodology. 
Some definitions are introduced herein. A pipe is an element of the distribution _ 
_ system that has a constant flow and no branches. A node is a point where 
; Or more pipes “meet, a pipe ends, or a pipe begins. One set of nodes, 
- termed source (or inflow) nodes supplies water to the distribution system which — 
in turn transmits it through the various pipes to another set of nodes, termed 
7 consumption (or outflow) nodes. (Even when the consumption at a node is © 
‘ = aero is included herein in the set of consumption nodes. Thus all the nodes 
which are not source nodes are treated herein as is consumption nodes.) When 
the head available at a node, H,, is equal to the minimum required one, = 
_ the node is a critical node. When the available head is more than the minimum 
"required one, the node is’ a supercritical node and when it is less, the node 
is a subcritical node. When the demand at a consumption node is zero, the 
node is a zero- demand node. When a consumption node is unable to provide 
any demand, i.e., when the outflow at a consumption node, Q,, is “zero 
5 though there is a demand, Q);**, the node is a no-flow node. When a ainegien 
_ node partially fulfills the demand, it isa partial flow node. When a conepmeion 
node actually supplies the required demand, it is an adequate-flow node. When 4 
q consumption node provides outflow even more than the required demand, 
i it is a surplus-flow node. When the outflow at a consumption node is negative, 
4 it is a negative-flow node. In a distribution system, actually, 1 no pecs ral v 
node generally behaves either as a surplus- flow node or as a negative- -flow 


sh 


] 
| 

| 


J honeh. only transitionally, i in the NFA procedure suggested later. 


_ From ‘the various ‘definitions gi given earlier, it is seen that a node a 


depends upon the head and the outflow. When both these categories are considered 
together, the nature of the node can be completely described. However, in ; 

practice, a subcritical node cannot be an adequate- “flow node, or a vipa 

‘node cannot be a "supercritical node. Thus, the two categories of anode can 

be combined together only when they are compatible with each other. Such 
compatibility of node categories is given in Table 1. As negative-flow nodes 


As stated previously, a distribution system may | become to simulta- 


of the ve of Pee 4 yee 
tible with nod t 


Y 


ir 
Suberitical, critical, supercritical 


system, when left to itself, will try to satisfy the demands as far as possible . : 
and therefore the flow in the system gets stabilized such that the total outflow | 
from it is maximum under the given conditions. Thus the NFA problem can 7 


be looked upon as 2 a a system | outflow optimization problem ‘subject to ce: certain 


a Problem Formulation.—Consider a distribution system having M source nodes e 


denoted by ” m=1...M,N consumption nodes (consumption can be zero) _ 
denoted by j, j = 1... N, and L elements denoted by /,/ = 1... L. Let 


-@,, and Q, denote the inflow at the source nodes and outflow at the ll 
respectively. The objective function therefore becomes 


Maximize: Total outflow = 


The 


At all the nodes, the head, H should equal to to the available head, 


uations occur, 
q 

q 

| 

| 

q 
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A zero-demand consumption yn node can be subcritical, or 
However, for other consumption sete the actual outflow will depend upon 

if for all j 


Q=0 if all j 


in in which Qo" 8 ' = required demand at ‘ pote}. Eqs. 3, 4, and 5 herein constitute 
a set of alternate constraints (13). 

“g To ‘preserve the flow continuity at each node, the algebraic sum of all the 
flows at a node must equal zero. Thus, if qi denotes the flow i in pipe ij, from 
node i to — node j, then for all the consumption nodes To 

—_ 


Similarly, if dim denotes the flow in im, from node i i to source | 

m, all the s source nodes 


“The in an HL,, may be as 
HL, = 
in b, =: some function of t the discharge q, in the Functional 
form ,, which is ‘mostly ‘nonlinear, is not specifically defined herein and can 
: represent a variety of elements, including simple pipes (/ may be ij or im), 
_ minor loss elements such as valves (for which , > by when q> 0), a and penes 


(for which < 0 when q, > 0). 
For looped distribution the sum of all 


along a loop must be zero. 


The complete — problem can now be stated as e 


Maximize: Total outflo Total outflow = 


f H,>H?" forallj 
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= = --> dim £0 for al all m m + (10g) 
=o Qi) for aod dae ‘ 


constraints as alternate constraints. 4 
* _ Problem Solution. —The usual NHA of a distribution system is the simultaneous _ 
solution of Eqs. . 3 6, 7, 8, and 9. - Collins, et al. (2,3) have recently shown | 
= that when the function 4, is strictly monotone increasing (which holds for all 
the: elements except certain pumps), the unique solution of Eqs. 2, 6, 7, 8 
: and 9 and thus the NHA of the distribution system is the same as the optimum 


solution of a network flow optimization problem. Conversely, therefore, the 


a solution of a network flow optimization problem can be obtained by carrying od 


out the NHA of the distribution system. However, the optimization problem — 
_ formulated herein (Eq. 10) is different from that of Collins, et al. (2,3) because . 
| = = the presence - of the alternate constraints of Eqs. 3, 4, and 5. However, > 


= out the NHA of a distribution system, the solution of the optimization — 
— of Eq. 10 and therefore the NFA of the distribution system is herein 
proposed to be obtained by ‘Tepeatedly carrying out the NHA the system 
J Now, : as ; stated by Shamir and Howard (12), the following rules have to 
eS be satisfied for the NHA of a distribution system: tees 
Ss A node having an unknown consumption (supply) should be connected 
to at least one other node with a known consumption (supply). — ae 
A subsystem m consisting of an element with unknown and 
its two end nodes should have no more than one additional unknown—one — 
_of the heads or consumptions (supplies) at the two end nodes. 
_ 3. Considering any node, at least one of the following should be unknown: 
the consumption (supply) at the node; the head at the node itself or at any 


adjacent node; or the characteristic of an element that is connected at the 


_ 4, The total number of the unknowns must be equal to the total number 


of the nodes as well as consumption) in the system. Pat, 
When all the four rules are satisfied, ‘the analysis of the diet system 
is the NHA. Thus, even when consumptions at some of the nodes are unknown, 
as long as all the four rules are satisfied, the p problem is herein treated | as. 
_ The situation, however, is different in the problem formulated herein. The | e 
characteristics of all the elements" are known and therefore the question of 
satisfying 1 rule 2 2 does ‘not arise. . Except for the consumption nodes where the 
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are unknown (only their limiting lower and upper values are tang The aie ol a 
of these unknowns therefore lies between | (the system must have at least a 
‘one non-zero-demand node) and N (when all consumption nodes are non- ~Zer0- 
. demand nodes). Further, at all the N consumption nodes the actual heads are 
also unknown. At the M supply nodes, though the heads are known, the actual x 
‘supplies which depend upon the actual nodal outflows are unknown (total number 7 
‘M). Thus the total number of the unknowns lies between M + N + 1 and 4 
M + 2N, while the t total number of the nodes and therefore the total number — 
of the available equations is M + N. Thus rule 4 is not satisfied. It can be 
seen that though rule 3 is satisfied, rule lis not satisfied. = = 8 
_ Solution Procedure.—The NFA of the distribution system is proposed to be 
achieved by repeatedly carrying out the NHA of the system. However, as the — 
number of unknowns is more than the number of knowns, to make the NHA | 
‘solution feasible, values of some of the unknowns are required to be assumed. 
For all the ‘source e nodes, the available heads are fixed and therefore ‘known — 
_ for all the iterations, while the actual supplies are unknown. For nonzero-demand | 
nodes other the head or the is assumed for each 


Obtained node ‘Convert to node category 


so that there is also only one unknown for ani consumption node ‘and thus 
the NHA of the system becomes feasible. The NHA solution thus obtained 
forms one iteration of the NFA solution. followin ches 


- For the first NFA iteration, treat all the consumption nodes as ethinnse flow 

nodes, obtain the | NHA solution of the system, estimate the available heads — 

at all the consumption nodes and estimate their head-dependent — 
4 (subcritical, critical or supercritical), 


_ 2. Refer to Table | and check the compatibility of the obtained ndde ¢ category. _ 
with the assumed node category. If they 3 are compatible for all the nodes, the bs 


is achieved. _ (For the first NFA iteration, as the assumed category for all the 
consumption nodes is ‘adequate-flow,’ the category compatible with this is 
“supercritical.” ’ Thus, if : all the consumption nodes are found to be supercritical, 
_ the NFA is already achieved. In such a case the NFA and the NHA are the 
: 3. When the node- -category compatibility is not achieved for a a consumption 7 
" the obtained node category to th ne shown in Table 2. When | * 


BLE 2.—Conversion of Node Categories 
le * 
= 
| 


‘the node-category compatibility i is achieved for a ‘consumption the 
assumed (not obtained) node category. 
i. Treat the converted or retained node category as the assumed category 
/ > carry out the next NFA iteration. Estimate the outflow or the available — : 
s head as the case may be for each consumption node, decide it its — 
_ node category and then go 0 to step * 

LuusTRATIVE EXAMPLE bev 

_ The procedure for carrying out the NFA of a distribution system is ‘illustrated - 
herein with the help of a simple hypothetical distribution system (Fig. 1) having 
- one source (labeled 23) and six consumption nodes (labeled 2-7). The system _ 
- has no valves or pumps and the headloss for the pipe elements is given by 7 
HL = rq’, the r values being as shown along the — in ‘io _— available 
Source 


wee: 


+ FIG. 1 —Distribution System for Illustrative Example values are for headloss 


for headloss in meters and discharge in cubic meters per second) gaiv 7 
AT od) aizido oT “AEM Yo yaa. an beesd 
head at the source node and the minimum head for the consumption 
nodes are given in 1 Col. 2, Table 3, while the supply and the design outflows 
are given in Col. 3. The available heads at all the nodes for the design consumptions 
are given in Col. 4. It is ‘seen that all the nodes are supercritical and = design 


is adequate. oa Te qua. wit, ia od (live 
| The link 1-2 (Fig. 1) is now closed for repairs and the NFA so solution of 
the distribution system is required. he NFA iterations are shown in Table 
zZ The values assumed for the iterations are shown in parentheses. All the | 
consumption nodes are assumed as adequate-flow nodes (Col. 5) for iteration — 
I, but all of them are found to be subcritical (Col. 8) and therefore converted 
te critical category (Col. 9). _ At the end of iteration II (Col. 12), it is seen 
that n nodes 2 and 5 are negative-flow nodes, nodes 6 and 7 are partial-flow _ 
_ nodes, while nodes 3 and 4 are surplus- -flow nodes. The negative-flow nodes _ 
2 and 5 are converted to no-flow nodes, the surplus-flow nodes 3 and 4 are 
converted to adequate- flow nodes while critical nodes 6 and 7 are retained A 
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et TABLE 3.—Node 


Imerys) 


Consumption, 
incubic 
feet per 
second 
in ty 
-5.000 
0.800 
0.400 
1.400 
0.900 


Required 
head, | 
in feet 


“a Values assumed for the iteration are shown in parentheses. NEGF 
surplus-flow node; SUBC 


SURF = 


ese 


as critical nodes as node- -category compatibility is already achieved for them 
(Col. 13). The node categories obtained for all the consumption nodes at the 


Available 
head for 
design 
solution, 
in feet 
(4) 


100.00 

89.92. 
87.30 

93.20 

89.69 

| 
86.98 | ADQF 


sumed 
nature 
of node 


(5) 


subcritical node; 


Obtained 


SUBC 


sus 


in cubic 
feet per 
second | in feet 


(7) 4 


(100.00)* 
63.51 
63.01 
80.00 

66.66 
63.47 
64.39 


= negative-flow 
CRIT = critical node; SUPC 


end of iteration III (Col. 16) are found to be compatible with the corresponding 


assumed categories (Col. 


13) and thus the NFA solution is reached (Cols. 4 
and 15). The complete NFA solution i is illustrated in Fig. & ‘It is seen that 
nodes 3 and 4 completely satisfy the demand, nodes 6 and 7 partially satisfy 
the demand, while there is no outflow at all at nodes 2 and 5 yt 


, _ This illustrative example is a simple one and each NFA iteration (NHA solution) _ 
om be obtained by hand calculation using the Hardy Cross, Newton-Raphson, 
or linear theory methods. However, as each iteration of the NFA solution is 


the NHA : solution of the distribution _ System, NFA solution of large | ‘complex 
systems involving valves and pumps can be obtained by using a computer t program — 


> 


based on any of the NHA methods. To obtain the NFA solution, either the 
_ computer programs are required to be extended or the input data modified 


a Although only three NFA | iterations are - required to obtain the NFA solution. 
for the illustrative example, more NFA iterations will be necessary for large 
networks. However, it will be observed that the number of nodes, where 
node-category compatibility is achieved successively, increases after each itera- 


_ The NFA procedure, suggested herein, starts with an infeasible solution (except — 
when the node-category compatibility is achieved at all 1 the nodes at the end 

7 - of first iteration), but at every NFA iteration, as ‘the | guiding | constraints are 
different, a different solution is generated. However, at successive NFA iteration, — 
the number of nodes for which node-category compatibility is achieved increases, _ 
and therefore me solution, though still infeasible, approaches towards the feasible 


solution. Thus, ‘in the end, when the node- -category compatibility is achieved © 
for all the nodes, the alternate constraints of Eqs. . 3-5 are 


a> 


Properly 


nk 
Outflow} — 
| 
| | — 
Node | ofnode = 
| 90.00 (0.400) 
$8.00 (0.800) 
85.50 (1.400) | susc 
86.00 _ (0.900) | _SUBC 
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sumed | in cubic ‘ Obtained| sumed | in cubic 
feet per d, nature | natu feet per 
e| second in feet | of node | c second 
(10) 
NEGF 
SURF 
SURF 
NEGF 
PRTF = 50) | PRTF 
| PRTF 0.527 | (86.00)| PRTF 
node; NOFL = no-flow node; PRTF = partial-flow node; ADQF = adequate flow node; — 
= node. 1 ft = 0.305 m; lefs=0.0283 


Nodal consumption in cfs 


ue FIG. 2.—Node Flow Analysis Solution (1 ft = = 0.305 m; 1 cfs = 0. 0283 m ys) , 
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| a 
7 4 i 
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, therefore, the NFA solution and, thus, the optimal sslption for Eq. 10 a ; 


No mathematical proof is given herein to show that the NFA solution i is 
the optimal solution. However, it will be observed that a slight variation in. ig 
the NFA solution will result either in a suboptimal solution or in an infeasible 


solution whem one or more of the constraints are violated. 
“ _ The presently available distribution system analysis techniques analyze the __ 
distribution systems assuming that all the nodal demands are satisfied, by 
providing, if necessary, additional head at the sources or boosting pressures 


int distribution systems. This type of analysis is herein termed node head 


heads or boosting pressures are provided, © 


to complétely satisfy the demand, some others may satisfy the demand partially 
This the rest may completely fail and may not provide any ae | 
This type of analysis i is herein termed node flow analysis. 


alternate constraints. The solution approach is based on repetitive NHA ‘of 

the system. Each NHA solution forms one iteration of the NFA procedure. 
1 At the end of each NFA iteration, the solution is modified to satisfy the constraints. . 

The procedure is repeaied until all the constraints are satisfied and the NFA 
4 solution of the distribution system is achieved. The NFA p rocedure is Goccaibed : 


and illustrated through an example. 
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bate fog head at 
= headloss i in element; 
ij,im = pipe (also subscript); 
j=1...N = consumption node (also subscript); | shi 
-1...L = element (also subscript); 
..M = = source node (also subscript); 
oN HA = node head analysis; of papel 
Senge = - outflow (consumption n node) or inflow (source node); seh 
r headloss constant of pipe; and ie 
min = minimum; and 


Analysis by Digital Compu 
\ 
The followin mbols are used in this paper: 
i} 
g 
are Mapes 
} 


po 


| 
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Bono Pi PIPELiNes: Se 


soll = 


As a of numerous "variable factors, as depth cover, 
‘poll properties, and construction conditions, buried pipelines generally are subject % 
rs to unequal loading. ‘Furthermore, the subgrade of pipelines is rarely uniform. 4 
_ These conditions will result in some nonuniformity of pipeline settlement, although — 
there will be some smoothing effect, depending upon the pipeline’s stiffness. a as 
F ue Welded or otherwise rigid jointed pipelines can be considered as beams on 
+ elastic foundations, and, as such, would provide a good smoothing system to 
ora* - counteract the effects of the heterogeneity of the ground and loading conditions. ae 
Bolotin (1) presents s such an analysis for pipelines buried in a soil whose properties 
+ vary statistically. Such approaches have limited application, but should be further - 
explored, particularly with regard to safety factor evaluations. 
; ae This paper does not consider the problem of the distribution of stochastic 
eas Stresses and strains in connection with rigidly jointed underground pipelines, — 

_ but limits itself to the settlement smoothing and load transfer effects of pipelines _ . 
with flexible joints. For : ‘such pipelines, nonuniform settlement can result in 
— distortion between individual lengths of pipe. . This causes the joints” 
to open and thus create a potential for leakage. Additionally, in the process _ 

Ki of dampening settlements, shears can be transmitted = across the — which a 


ee Initially, for — purposes, it is assumed that: 

Buried pipelines are articulated structures whose joints are 

are 100% efficient intransmitting shear. = 


ge Principal Associate, Clinton Bogert Assoc. , Fort Lee, N. 
Note.—Discussion open until December 1, 1981. To extend the closing date one month, — 
bas a written request must be filed with the Manager of Technical and Professional Publications, © 

_ ASCE. Manuscript was submitted for review for possible publication on g=: 27, 1980. : 
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2. on the pipelines remain in constant, i.e. i. e., of the the 
differential settlement resulting from shear transmittal, 
Other than those adjacent to other structures, the individual pipe sections, 
herein referred to as links, are equal in length. 
4. The pipe links are rigid in a direction. Accordingly, contact 
pressure beneath each link can be computed usirig the funda fundamental — 
Load-related settlements are to contract pressures beneath 


link. 
These assumptions are te in Appendix I to ascertain their 
and to determine their impact on the sensitivity of the aor 


AND ExamPLes 


oy link, BC, as shown in Fig. ‘i a length | of L and subjected to a 
- ‘wife load of w per unit ie, when subjected to an end shear of V, will 


7 


FIG. 1 —tink Subjected to Uniform Vertical Hlesding 


be pushed d downward at B increasing the contact pressure at B and peecing 
_ the contact pressures at C. . Accordingly, settlement at C would be less than 


that caused by load w alone. However, the adjacent length of F pipe subjected 


c¢ equal to xV, in which x= the shear transfer coefficient. The resultant, 
_R, of these loads is equal to wL + xV(l + x) and the eccentricity, e, of 


| 
| 
4 
> 


In accordance w with 4, and provided that the falls ‘within 
bret middle third of the link, the contact pressures are nine. oe. ae 

For th the adjacent link CI CB the shear’ at joint C is 


_ this value in Eq. 2, the contact pressure at joint C becomes Sal ee ee 

hy 


by equating the contact pressures at each side of joint C, as | ; shown: in Fig. 
2, the equation to determine the shear transfer coefficient is x? fal 4x + 7 


i The values of shear transfer c¢ coefficients: at other joints are enn of x. 


| 


~ 

FIG. 2.—Contact Pressures for r Adjacent Link 


Sheor 


«FAG. 3. —Joint Shears and Contest Pressures for Series of Links 


0.2487V 


| 
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The shear transfers pressures that result are ‘substituted 
in Eqs. 2 and3 are showninFig.3. adt he brits 
At the terminus of a pipeline, adjacent to a structure, various conditions 
= be assumed. Generally, the pipe section adjacent to the structure can be 
assumed to be suspended at the structure end and fully soil-supported at the 
far end. Fig. 4 shows this condition for link AB with a pipe section length 
ven to aL. Loading i: is assumed to vary, since, for | positive projecting conduits, 
there is a complete projection condition at the face of the structure while at 
the far end an incomplete projection condition exists. In addition, the weight = 
Ss the pipe ont contents must be considered. The loading at joint B is w, 


+ w, which equals w; the loading at joint A is + w, + 

if N= -(N.w, +) w, + w,,)/w, then the total loading at joint A can be expressed 
as Nw. Assuming a joint shear of V at joint B, the contact pressure at joint 

: , B is assumed as equal to that of the adjacent pipe length, or equal to w + 


, —3.4641V/L. Both the loading and contact pressures are considered to vary linearly za 


Support at 
LN 


_ between een joints A and B. _ By applying the fundamental principles for 9 equilibrium, 7 $ 
the reactions are 

waLlN 


a) 


| 


6 + 6.92820 


- 
+ 6.92824 


| q 
a 
y suostituting these shears in the expressions shown in Fig. 3, joint shears 
d 
P=w-- 


BURIED PIPELINES 


oft 
+ 6.92824 


As nated earlier, the resulting nonuniform pressures cause unequal settlements a 


, is due to oath compres 
‘sibility and is taken as proportiosal to the contact pressure, w, in sessions 
with Assumption 5. second element, denoted is the result of bedding 
Ss anti is not considered a function of loading. Since the contact a, 


doint Sh 
Au 


Pressure Diagram 


Structure Se 


— 


—Deflection of of Links 


the settlement: at joints can be as _ 


+ 6.92824 


vor 


| 2 


which shows the links ‘adjacent toa structure with their joints 


‘The angular deflection of links and angular joint Openings are expressed in 


on 


terms of known parameters. Since @, = a, + a,, one can determine 


m@ ait 


sin 0, = ———— 


q. 13 can be used to hens the maximum angular joint opening that a 


sin 


It sh should be noted that as the value of of a increases, 1 the ‘shear transfers and 

A ball VALUES OF COEFFICIENT Ne 


6 8 10 a 
VALUES: (OF COEFFICIENT 
-Diagram for Coetficients and N 


‘angular joint openings decrease, v while the longitudinal bending i in link AB will 
a a ‘(The determination of the optimal value of a is beyond the scope 
4 The application of Se the derived equatio be is illustrated by the examples a 
_ Example A. —Consider a 24-in. (610-mm) diam reinforced concrete sige laid 
a projecting embankment condition with = +0. 5 and with» 


B 2.5 ft (0.76 m); (0.02 m); 


(See Fig. 6, 
| 
> 


y= = 1101b/ ft": (18 w,, = 460 lb/ft 6.71 


m 


_ From Fig. 1 for H/B, = 1 10/2.5 = 4.0, 5.93, and N. = 1.61 
x 110 x 2.5? 


N.w.+w,+w, A OTT 460 


bna 


Assuming the condition shown in Fig. 5 and utilizing ”? 


bas O% + 6.928 


_ With Eq. 8 maximum pressur 


(3.4641)(2,972) 
2453) = 5,824 Ib/ft (85.0 kN/m) 


= 


p< determine the maximum angular joint | opening, values are substituted i 


‘sin 6, 


+ 0.02 0.08 x 1. 
var 


6 + 6.9282 x 0.5 


_ To determine the required three-edge strength for pipe, it is suggested that 
the average pressure over a length equal to twice the pipe’s outside diameter 


from the point of maximum pressure be used. For Example A, \, the average _ 
contact pressure over a two-Glameter to 


(1s) 
Lie 
A 


8 
-WT OF PIPE A CONTENTS = 460 
DESIGN LOADING 4854 pit 


FIG. 8.— —Design Loading Determination +. 
is 5, 314 lb/ft (77. 6 KN/m), as shown in Fig. 8. Deducting the weight of a ie 
and its contents, the design loading becomes 4,854 lb/ft (70.8 kN/m). 4 
Example B.— —Consider a buried pipeline subjected to concentrated surface 
+ toads, such as result from truck traffic or railroads. Two of the many possible - 
positions for loads with respect to the pipe jointing are shown in Figs. 9 and 
These are somewhat unique in practice, but are limiting cases. 
Assume a link length of 8 ft (2.4 m); B. = 2.5 ft (0.8 m); ek = 10,000 Ib 
5 _KN) (including impact) and H = 7 ft (0.9 ‘Since B ./2H = =2. 5/(2 
-&< 3) = 0.417 and L/2H = 8/(2 x 3) = = 1,333; the load coefficient from Table 
is 0.445. _ The load on the pipe due to the concentrated load 
mg on statics, the oe wine link AB in Fig. 9 is equal to (w+ 
W,.)- 2 V/L, which equals the maximum pressure in adjacent link BC. This 
pressure is equal to w + 3.4641V/L. By equating these two pressures and 
By for V, V is determined to be equal to W,.L/5. 4641, or for this case, + 
V = 834 x 8/5.4641 = 1,222 KN). 
For ‘the condition shown in Fig. 10, it can be conservatively assumed that 
a shear equal to one-half of the concentrated load be applied at each side 
of joint B, provided L > H. However, distribution of the load on the pipe — 


approximations such as the one shown in Fig. 11. With this approximation 

for the case at hand, qB, = P and B,. in the denominator is considered equal 
to zero; the maximum loading on the pipe due to the surface load with an ; 
impact factor of 1.50 is 4 x 10,000 x 2.5? x 1.5/3 x 3 + 2.5)? = = 1315 
lb/ft (27.9 kN/m). The oma se distributed along the link as shown in Fig. 

12. The equivalent end shear, V, for this loading taking moments about C is = 
V=(15 x 1,913 x 7.25 + 0.75 x 1,913 x 6)/8 = 3,677 Ib (16.4 kN). — 
shear transfer coefficient of 0.2679, = 0. 2679 x 3 677 = 985 Ib (4.4 
ow which, when substituted, permits the contact pressures to be readily determined. ad 
" If w were 1,500 lb/ft, P, and P., from the surface loading alone, would b 
2,739 lb/ft (40.0 KN/m) and 1,583 lb/ft (23.1 kN/m), respectively. 
‘acm For cases where ne Tesultant of the forces imposed o on a link falls outside = a 


d 

— “a 

| 
4 

can he determined from Boussinesa’s formula as shove or from various 

“4 
) 

ill 


teal, the case of thrust at a tee, as shown in Fig. 13, will be considered 


ive % 


a we we 0.92828 0.2487 


‘Basic we and 4 are retained tee the 
before, a link BC hae isolated, as shown in n Fig. The resultant R, of these 


and the of the loads 


> 


— 


: <a of the common situations where this occurs is with buried pipelines subjected * 
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«FIG. 12. —Distribution of Concentrated Surface Loading on Link 


? 


In accentanse with Assumption 4, the contact pounyens are 
Pi, 1 + (2 x) 


Sete 


an (1 — 2x). 

For link CD the shear at joint C equals - —xV. Substituting this vs vied & in a Ea. 
1, the contact pressure at C becomes Pht 


US»; the equation to determine the shear transfer coefficient is rd — 4 rt 


¢ 
= 0, for which x = 0.2679. This is equivalent to the case shown in Fig. ~~ ahi % 


‘The values of shear transfer coefficients at the other joints are powers of 


Pressures that result are shown in Fig. 16. The thrust, 7, at a tee, 


ata 


| 
| 
(25) 


Tes 
Q 


the pevieud 13.—Plan of Tee Branch were assumed 


» 


| 


with a length aL, is assumed to be resisted by soil pressure along its s length, 


and the shear from the adjacent pipe as shown in Fig. 17. For equilibrium a a 


Cc. —Assume a tee a's 27-in. (690-mm) diam concrete pressure 


Lo Pipe to be subjected toa thrust of 20,000 Ib (89 kN), and (refer to Fig. 13) 
7 = 16 ft (4.9 9 m), aL = 5S ft (1.5 m), and B, = 3.25 ft (0.99 m). Determine 


_ reader may sofort to (6) for a detailed discussion of of the factors = 
relate to the design for unbalanced thrust.) ygvistive 
Substituting, the value of the end shear and the contact pressure 

- become 6,392 Ib (28.4 kN) and 1,384 Ib/ft (20.2 kN/m), respectively, = 

_ Ignoring, for this example, the frictional resistance due to the vertical loading 


on the pipe and the weight of the pipe and its contents, the resisting force, 2 
with a safety factor of 1.0, Lege ad 


| 
— of compstisen an the sides To Gate cespect 
| 


iG. 15. —Lateral Pressure Distribution for Adjacent 
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FIG. 16. ee Pressures for Series of Links » a 


tw 


A\ Tes be noted that the depths of the active and passive wedges, as shown tts 
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As in the cases involving ‘wedlidll loads, movement takes place as a result 
a the horizontal forces. Such lateral movements are difficult to ascertain since 
the modulus of soil reaction is at best a rough estimate because of the unreliable 
M _ degree of compaction on the sides of the pipe. To date, most work, with respect 
to the soil modulus, has been in connection with flexible pipe (5). However, 
if for the previous example a modulus of 100 psi (700 kPa) were assumed, 
the lateral movement of the tee would, using ‘Eq. 37 developed in Appendix — 
“hb be equal to (2. 088 xi acai x 100) = 2.4 in. (61 m m). ‘Such movement 


ACTIVE 


Por given 


be FIG. 18. —Active and Passive Soil Pressure 
could open the pipe joints and constitute failure. a a thrust block — 


would most likely be required. 
Summary Ano Conciusions 


q e 2 -modification and load transfer effects of flexible jointed buried 


APPENDIX 1.—Assumetion Crimiaue 
Assumption 1 indicates | that the | joints are © hinges and are fully efficient in 
tr 
- bell ID and the spigot OD. Accordingly, the maximum relative movement thet 
= take place would be equal to this clearance. The resistance due to gasket — - 
deformation of itself can develop little moment resistance, considering the tapered 
configuration of the joint and a gasket deformation of 15%-50%. Should ties” 


other than at springlines be used, or pipe such as the locked mechanical joint 


_ type be used, it could restrict the pipe and cause bending at joints. In the 


7 
4 
| 
— 
— 
| | 
Det individual pipe sections (links). Having made certain assump- 
tions concerning the pipeline (100% effectiveness of shear transfer; constancy 
; _ of imposed loads; equal link lengths; longitudinal rigidity; and proportionality — 
load-related settlement to contact pressure), the behavior of buried piping 
be calculated with some precision. Similarly, conditions contributing to 
| 


Cy 


a, 


= 
ATURAL_ GROUND 


trict angular 


Assumption 2it indicates | that the load on the pipe remains constant, unaffected j 
a9 by settlements caused by shear transfer. However, it has been stated that loading, : 


at lea t f Tr 0s it ve ro ect n condui t condit s settlement-de endent. With — 
st for po iti Proje cting i Pp 

wa 


= 
can be to be made up of two components—the 
a equal to s, and settlement, gs, due to consolidation resulting from localized — 
‘stress under under the pipe. By adapting the 


| 
q 
| 
: 
! 


given installation, this can be e: expressed as 


With shear transfer, in which the change in pressure resulting from shear transfer 


+ Ar,g) = =1-—k(AP+AP —kAP,; 
If AP, /AP = 1.0 1.0, then a oy 


kAP = 0.3 


(42) 


AP ah with | AP, added 


=0.7X0.7~0.5 = 0.70 x 0.4= 
= 1.07 


(41) 
“and. 


— 83 
PB. 
38) 
A 
— 
q 
| 


ordingly, based on athe there be an equalizing effect on 
; is contact pressures due to change in imposed loads. Since loading and meee 
ed pressures are interdependent and self-adjusting, it is reasonable to assume = 
the maximum m change in loading that would actually be realized would be about 


Assumption n3 requires that the link lengths are equal, other than that of 


maximum standard section length of pipe that can be economically placed. Shorts _ 
= used where required at at structures for closure, or where eye is betas. 


_ Assumption 4 | requires that the links are rigid longitudinally. If a link is — 
asa beam on an n elastic the criterion is 


Based on on the of Hetenyi (4) and the pipe be rigid 
longitudinally, provided that \L is less than 0.8. Most pipe meets this criterion. 
For example, consider an 18-in. (460-mm) diameter ductile iron pipe with a 
length of 18 ft (5.5 m). After —, the casting tolerance and the service 


dm’ ). Using E = 24 x 10° Ib/in.’ (165 GPa), a bearing width equal to half the - 
pb" outside diameter, and a K, value of 200 Ib/in.* (54.3: MPa/m) (which 
is representative of a medium to dense sand), the AL value is about 0.25, well 
within the 0.8 criterion. This criterion would not be exceeded - unless the K, 

D " Assumption 5 presumes that settlements are proportional to to the contact — 
pressures. Provided that the deformations are small, settlement of the pipe 
is reasonably proportional to the increase in loading. When the loading approaches — : 

the ultimate value, the settlement is disproportionate to loading—caused 

an almost plastic flow and displacement of soil from under the pipe. vif = 
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TES BURIED PIPELINES 
Appenoix Ill. Ill. —Noration stat 
pies symbols are used in this paper: — 
ox sob sqiq_ to = 
ratio of f length of link adjacent to structure 
= outside width of pipe, in feet (meters); 
aj ed) load coefficient for use in Marston’s formula 
for earth loads on rigid and flexible 


hich. 6 = deflection of the pipe, of its 


4 


vertical dimension, in feet (meters); 
ne ae = modulus of elasticity of the pipe material, 4 
foot (Pascals per square meter); 
e = eccentricity of secant, in feet (meters); 


oh = earth cover over pipe, in feet (meters); 
HH, = height of column of soil from plane of ae 
settlement to critical plane, in feet (meters); 
a a we I = moment of inertia of the pipe cross-section, in 
i as 4 = K, -X< (width of contact surface), | in pounds per 
(ont foot (Pascals per square meter); 
abr = coefficient of active soil pressure; 
K, = coefficient of passive soil resistance; fi fe 
modulus of subgrade reaction, in pounds per 
‘length of link, in 1 feet (meters); 
= +w of loading at joint A to that of joint B; 
ratio of earth loading for complete 
ag to ‘that of project (Fig. 
Sa 
~ hehe, isbenuahae P, = total lateral active soil pressure, in pounds (new- 
total lateral passive soil resistance, ‘in pounds 


= projection ratio; 


resultant of on link, in pounds (newtons); 


sail 
7 
poe 
| 


=| 
= pipe settlement (meters); 
= non-load-related settlement, , bedding ad- 
justment, in feet (meters); 
s. = settlement of pipe due to soil compressibility, 
ow ge = pipe settlement, in n feet (meters); 
= settlement of natural ground pipe, 
a , = compression of the column of soil of height ” 
Ss = settlement of the bottom of the pipe, i et 
ual = thrust at fitting due to internal J eee in 


uniform earth loading per unit length on pipe 
incomplete projection, in pounds foot 


w, weight of pipe per unit length, in per 
) angst = weight of pipe contents per unit length, in pounds 
x 


ra xy = shear transfer coefficient; 


= angular deflection of links AB, BC, CD; 


6,,0,,8. = angular joint openings at joints A, B, Cc, in 


Tor avoid | expressions we might a appear to be too cumbersome, the ~~ 
_ has not used the radical forms for the various numerical values. For those — 
B; prefer the purer form, the following equivalents may be_used; 0.0192 = 
26 — 15 V3; 0.0666 = 52 V3 — 90; 0.0718 = -7-4 V3; 0.2487 = 14 - 
V3 0.2679 = 2- V3; 0.9282 = 4. V3 6; “1.7321 = V3; 3.4641 
5.4641 =242V3; 4.3923 = 6 V3 6; and 6.9282 = 4V 


| 
— 

| 

— 

on pipe due to concentrated surface load 

&g 

| 

— 
AP, change in contact pressure due to shear transfer, 
wis : q 
= 
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PIPELINE. Corripors 1 IN DEVELOPING / AREAS 


Special purpose agencies are formed to provide a specific service to the public 7 P 


which may permit an area to develop. The fact that development can occur ~ 
will, in n many instances, subject the ie agency to poe from this development. — 
‘-“ This has been | the case with the right-of-way utilized for water. transmission 


The purpose of this paper is to present some of the problems that have — 
been experienced by this agency and, more importantly, bring the problem of 
right-of-way encroachment to the of engineers and managers as a 
very real and im ortant nt problem. 


SOCWA is a public corporation organized under the County 


1 1943. organization of the SOCWA was co completed ‘on June 9, 1944. 

_ The County Water Authority Act provides for the organization, Ae Ha - 
and government of county water authorities, and authorizes and empowers such 
authorities to acquire water and water rights. The act also provides for the 
ae. construction, | operation, and management \ of works and property 
by these authorities, and provides for the incurring o of bonded indebtedness 


_ therefore as wel as for the taxation of pooperty | within such a water 


_ The SDCWA has the right of eminent domain, including the condemnation 


“of private property for public use, - similar in in rights, powers, a and eae 
to those of a municipal corporation. 


“Presented at the October 27-31, 1980, Annual Convention and Exposition 
= ‘Asst. Chf. Engr., San Diego Couilty" Wises’ Authority, 2750 Fourth Ave.. . San Diego, 3 
_ Note.—Discussion open until December 1, 1981. To extend the closing date one » month, 
a written request must be filed with the Manager of Technical and Professional Publications, = 
ASCE. Manuscript was submitted for review for possible publication on December 10, 
1980. This paper is part of the Transportation Engineering Journal of ASCE, ‘Proceedings 
‘ a of the American Society of Civil Engineers, ©ASCE, Vol. 107, No. -TE4, July, 1981. 
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‘The rights to acquire. water and water rights may be aniut within the 
- State of California or outside the State; however water and water rights may 
not be acquired within 1 the county in \ which the SDCWA is located. “Water ‘a 
— to the SDCWA service area can be transported and stored but must | y 
be sold at wholesale to public agencies that zre a part of the SDCWA. At | 
this time, the SDCWA has 24 member agencies that may receive water. __ . 
‘The SDCWA is a member agency of The Metropolitan Water District of 7 
- Southern California (MWD), together with 14 Cities and 12 municipal — 
‘districts, making g a total of 27 member ag agencies. The MWD has’ enilements 
os Colorado River water and contracts with the Department of Water Resources _ 
for State Project water from Northern California for ay to these 27 member. 
_ The SDCWA receives all of its water from the MWD at a wholesale cost, 
in turn, applies a surcharge to 0 cover “operation: and maintenance costs, 


_ The importance of the SDCWA activities may best be demonstrated by the 
| "amount of water importedto the San Diego region, which in recent years has 
been 80%- -90% of the total water used in its service area. This | total water 
& has been 400,000 acre- -ft/ yr-460, 000 acre- ft/yr (493,000 dekameters */yt— 


_ During World War II, the United — Government, particularly the United 


1944, with the use of water growing she during a period of ena. President 
Roosevelt appointed a committee on water problems in San Diego and, subse- 
quently, directed immediate construction of the San Jacinto-San Vicente Aque- 
duct. Because of a drought, time was of the essence to insure that se aso 
from this initial pipeline would be available when required. However, the SDCWA | 
was not yet staffed for a major design and construction project such as this 
and, in addition, was not ot yet § a | of the MWD. For these re reasons, , the 


was tasked with the design of this facility. The United ‘States Navy Bureau 
of Yards and Docks, now the Naval Facilities Engineering Command, — 
tered the construction contract. 


_ Annexation to the MWD was completed i in April 1946, some 2 yr after dediile 
m At the time the first pipeline was being | planned, it was ‘recognized dist a 7 
‘ second pipeline would be required almost immediately following construction — 
of the initial pipeline. Therefore, tunnels and other common facilities were sized 
to accommodate the capacity of two pipelines. The rights-of-way for this first 
aqueduct were acquired in the name of the United 
h On November 26, 1947, water began flowing into the San Vicente Reservoir all 
through Pipeline No. ‘Lunder operational control of the SDCWA. 


San Diego County has grown considerably since 1952, the year the Ral 
pipeline was completed. Since completion of the second pipeline, which has 
a of 100 cu @. 8m identical to the first the SDCWA 


5 

— 
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has” ‘constructed two two additional pipelines to supply tte 
agencies by doubling the existing capacity in 1960 with the construction of 2 
a third pipeline having a capacity of 250 cu ft/sec (7.0 m’/s), and again doubling a 
the capacity by constructing a fourth pipeline in 1971 with a capacity of 450 * : 
ou ft/sec (12.6 m*/s). At the present time, an additional pipeline having a ? 
- capacity of 500 cx cu ft/sec aan 0 m’/s) is is under contract that will meet projected = 
At the time the first and second ‘ices were under construction, much — 
of the alinement \ was in open, undeveloped country. In many cases, , because 
the a aqueduct was located in very remote locations, the ground surface was 
‘not restored, ‘the pipelines were placed relatively shallow, and little concern _ 
was given to future utilities and roads that might cross the pipelines without — 
as remedial facilities to insure the structural integrity of the pipelines. 


contract agreement, the SDCWA is the two pipelines from 


_ The fact that the SDCWA operates and maintains pipelines and other fi acilities 

within the right-of-way under the control of te United States Government 

complicates the administration of encroachments, crossings, and other develop- 
- ments by landowners adjacent | to this ‘portion of the SDCWA : aqnetncts by 


_ During construction of the third pipeline, land use patterns were starting t 
develop in the county, and the Pipeline was rece in part, to sauialies 


extremely narrow; in many places they | were edly 20 ft in total width in a 
_ longitudinal and side-hill reaches, 


Agricultural use of the rights-of-way for annual crops was, in most —. 


_ The influx of people to the San Diego region has caused development in 


subdividers to crowd as close to the SDCWA easements as possible. In many — 
cases, cut or fill banks are coincident with the right-of-way lines making 


| maintenance: of the 4ft-7- ft (1.2-m-2.1-m) inside diam pipelines very difficult, 


and the removal and replacement < of a section of pipe nearly impossible if confi ined 
to the right-of-way. Fig. 1 shows the proximity of development to the Pipeline 
, _ right-of-way. The width of the right-of-way at this location is 20 ft (6.1 m). 
e Irrigation of vegetation on slope banks causes the right-of-way to be muddy _ 


- constantly. Damaged gates and other acts of vandalism are a constant problem 7 


‘repairs requiring excavation of the pipeline could be contained within di : 
— see Fig. 2 for = aes cross section of this condition. 


oy x = a developed, as well as an u undeveloped | area. It is questionable whether a 


4 
q 
| 
had not yet adopted a county-wide development plan, and the extent of this 
7 
4 
Many ine nreviousi remote areas ang the increasing \ ne oO 
| 


During the design phase « of the fourth it was well- recognized 
g development would continue and the pipeline should be designed to support 
highway loads and deep enough to pone: sewers, water Satbeten, and other | 


— 


FIG. 2.—Typical Section with Slope Banks Starting at Right-of-Way Lines; Buildings 
“4 for Home or Business Can Aliso Abut Easement with No Setback Requiremen 


utilities to pass over the line with steniiiin clearance, and that the ground | 
surface should be restored to its original elevation unless property was acquired — 
7 with f fee | title. e. With the the third and and fourth oe — in a common seemed 
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4 this is somewhat contradictory i in that the € profile blocked is, in many cases, 7 « 
nearly twice the pipe diameter as indicated in Fig. 3. 
_ Rationalizing this situation, when development occurs only one p pipeline | will 
5. be affected and corrective action will involve one-half, or less, of the sows 
capacity. This is becoming more ‘important each year as the annual use of his 
= increases. Many recent encroachments over the ‘of-way 
indicated that this choice was correct. 
In addition, the SDCWA attempts to coordinate its s planning other agi agencies 
to insure that rights-of-way can be shared with other roads 
- ics ten 


3.—Pipelines at Different Depths Obstruct Lateral Profile Somewhat Higher Than 
Either Pipe Diameter 


ORIGINAL 
"SURFACE 


1g for Approximately 4,00 4, 000 ft (1, sone 
; A prime example of this type of « common use is the cooperation between 
the SDCWA and ‘the city of San Diego for a pipeline recently completed. This — 
is in an area of northeast San Diego where a major collector street, Jackson 
Drive, has been planned, and the SDCWA acquired its right-of-way coincident — 
with the street alinement. The installation of the pipeline required considerable 
grading, but this would be required for the road with the ultimate result being 
= less Property i is encumbered by rights- of-way for public Sates 


- _beno development adj acent to the right- -of. -way that could cause drainage, erosion, 
or other hazards to the aqueduct not anticipated in the pipe design. This installation 
is shown in Fig. 4. — tal wolme® oF 
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: a A situation which does not have a happy ending ‘for the SDCWA occurred 4a 
in 1970 with a private e developer. During negotiations for additional rights-of-way 
for the fourth pipeline, the developer’s tentative plan indicated that a regional | 
v Beste. center would be constructed on a large parcel straddling the aqueduct 
nee. The SDCWA was asked to place its pipelines at an elevation some __ 
“50 ft (15.3 m) below the natural ground line so a relatively flat area could " 
“be generated for the shopping center. This required a deep highway- -type cut, 
; section of which is shown in Fig. 5; in this section a 69-in. (1,750-mm) prestressed 
concrete cylinder pipe was relocated and a 96-in. (2,440-mm) prestressed concrete _ 
_ cylinder pipe was installed. Pipe sections in the background of Fig. 5(a) and 
_ inthe left center of Fig. 5(b) are removed sections of 69-in. (1,750-mm) prestressed 
concrete cylinder pipe and became the property of the developer; see Fig. 6 
_ for a schematic cross section of the area. In addition, some embankment _ 
the pipelines was done, partially at the landowner’s expense. Since that time,. 
the ownership of the land has changed, development plans have also a a 
and this deep cut, most of which is within the pipeline right-of-way, is to remain. 
The SDCWA has no recourse but to accept this condition. ot Vion 
__ Situations such as this can be avoided by acquiring m more control of the ny _ 


property and through close coordination with county or city planning to insure 
that no matter what land use is wre sath — —_ as this 
— 
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Mention been of subdivisions with boundaries coincident with the 
_ right-of-way boundary. Recent heavy storms in the Poway area of San Diego 
County made this problem surface dramatically fortwo homeowners. 
4 The aqueduct right-of-way crosses a hillside perpendicular to the flow of 4 


7 


_Tunoff and crosses several not too evident drainage depressions. A - subdivision 
consisting c of possibly 40 lots was planned, nine of the lots abutting the downhill 
‘right- -of-way line with an 8-ft-10-ft (2.4-m-3.l-m) high cut slope topped with a 
a brow ditch to intercept the runoff and divert it to drains designed to Gepose ‘ 
the Tunoff it into natural channels. A typical section is depicted i in in Fig. 


D 


FIG. 6.—Highway-Type Cut Pipeline Area- Wide 


Center; to -of- Way i is Now Residential 
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‘sbuioni bluods afT Yo saree 

FIG. 7.—Development Adjacent to Right-of-Way Included Brow Ditch of insufficient 


Cross Section and Lateral Slope to to Provide alt eeu 


deposit sediment in a the brow ditch. The result was severe erosion 1 to the = 
slope and deposition of about 4 ft (1.2 m) of sediment in and around wo 


af The major portion of the eroded a area a occurred ¢ over the aqueducts | causing > 


this - subdivision not been built ir in ‘this location or vr if i it had been 1 more re compatible 4 


Unfortunately, the SDCWA has no jurisdiction outside the right-of-way | 


boundaries — must rely on San Diego County planners | to foresee problems a 
of this natu bes Yo ead nod! 
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3 An agency owning and operating its facilities | in situations such as this is 
7 m4 os in a rather difficult position with some responsibility for a situation 
created by others. However, it is the homeowner who suffers the greatest loss. _ 


_ ‘The SDCWA is ‘becoming more cognizant t of the potential problems in many P 
cases because of past experiences. Without control of sufficient lands adjacent zs 
‘to the aqueducts, development will continue to occur much too close to the on 
pipelines for safety and will, in effect, ‘Strangle one of the most necessary 


of additional right-of-way width in undeveloped areas. 
In developed areas, the only recourse left is extremely tight control on the 
existing right-of-way and, a continued high level of maintenance. 
AS mentioned previously, much of the SDCWA 210 mile (338 km) of pipeline __ 
- is in undeveloped areas. Vandalism has been a problem since construction of : 
_ the pipelines and has become more serious in recent years. Structures housing . 
 air-relief valves, blowoff valves, and meters have been used for target practice 
- with high-powered rifles and are subject to general nuisance vandalism. The — 
remote ‘Tight- of-way with fairly good maintenance roads makes t these structures | 
easily accessible, particularly to motorcycle and four-wheel drive vehicles. As 
development occurs, the problem is limited to general nuisance-type vendéeliom, — 
ach as broken locks, rocks, and other debris being thrown into structures, 
_and disposal of trash on the right-of-way. Pie. owt: 2? 
” _ For agencies that may be confronted with similar situations, whether mata 


the worst possible condition of development that could | occur. In addition, a 
right-of-way agreements should provide the agency with a high level of control 
in the surface use of the land to protect these vital facilities and the ‘the safety a 


- unctions is also a continuing problem. Conditions i in easement documents contain | p2 
_ provision for access and egress along the easement, but at the same time permit | 
the surface use of the right-of-way so long as it will * ‘avoid —— 
interference” 


additional costs in maintenance of the aqueducts where it is ohare that 
gates could be located at each line ina subdivision, 
aa , In an effort to minimize this particular problem, each subdivision is asked 
to grant to the SDCWA an unobstructed access road right-of-way along the 
easement (in most cases within the pipeline easement) from dedicated roads — 
through the limits of the parcel being subdivided. 
‘This practice has been instrumental in the abetted atin many gates and 
the “unreasonable interference’ with SDCWA use of the easement in the form 
of lawns, gardens, and other minor uses. It should be mentioned at this point 
that even though the Authority has the “right of and 


a 
problems simular to these will become more frequent and consume more effort 
| 
7 
i 
| 
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a The purpose ‘of this paper is not to suggest all encompassing ‘solutions to 
_ Tight-of-way problems, but rather to indicate a few of the problems experienced 
one agency with a rather short history of only 34 yr. 
_ Some of the history is unique in that rights-of-way containing SDCWA-owned © 
facilities i is in the name of the United States Government; some rights-of-way mn 
are in extremely remote, ere” areas, and some are in highly-developed oa 
‘It is hoped that by relating a few of the SDCWA eit tail good 
- adverse, agencies” with development yet to come will be better able 


os relations with the area-wide planning group to assist in the protection of ae 7 
facilities from development and conversely, seh the public from hazards = 
that could be created by improper planning. Alt 
~ Personnel administering the operations, maintenance, and public relations in — 

future generations will be highly appreciative of your foresight in recognizing — 
type of problems enumerated herein. 
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relations suffer dramatically when vehicles or equipment are driven through 
4 
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OF SANITARY SEWER PIPELINES” 


By Herve Ouellette," A. M. ASCE and B. Jay Schrock,’ M. ASCE a bee 


(Reviewed by the Pipeline Division) 


_ The analysis and evaluation of sewer pipeline deterioration have led to a | 


cost-effectiveness consideration of in-place rehabilitation, in lieu of total replace-— 
ment. This paper presents initial findings on existing methods and materials 
utilized in the current state-of-the-art of sewer pipeline rehabilitation. A descrip- — 
tion of the techniques, new and existing, are treated in a comprehensive manner. i 
Ar review of the various types of sewer pipeline failures, and problems ‘related | 
_ Consideration has been siti to exterior pipeline rehabilitation, in addition 


nny woll 
Further details and subsequent Ai will be hie in work ongoing 


in the ASCE Pipeline Planning Committee's s Task Committee on “Sewer er Pipeline — 


primarily due to ‘the m bes cost t of 1 new replacement construction. Excessive 
extraneous flows into treatment facilities makes the cost of treatment an increased 
economic burden. In addition, the “‘infiltration,”’ ‘‘exfiltration’’ of sewage from 
- defective pipes creates a potential health hazard with the possible le contamination — 


underground aquifers | used for potable water supply. 
Rehabilitation of deteriorated | sewer pipelines is justified when the total 7 

evaluation of all existing data of the investigative and analysis process has 

been completed. Sewer system evaluation studies (SSES) are normally required | 


& “Presented at the October 22-26, 1979, ASCE Annual Convention and Exposition, held 7 

thay ‘Consultant-Author, 919 Oriole Dr. , Laguna Beach, Calif. 9 92651. 

_ Note.—Discussion open until December 1, 1981. To extend the closing date one month, 

a written request must be filed with the Manager of Technical and Professional Publications, 
_ ASCE. Manuscript was submitted for review for possible publication on November 5, 

7 1979. This paper is part of the Transportation Engineering Journal of ASC E, Proceedings — 
of the American Society of Civil Engineers, ©ASCE, Vol. 107, No. TE4, July, 1981. 
ISSN 0569-7891 /81/0004-0497/$01.00. = 
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basket-handle, catenary, egg-shaped, horseshoe, ovoid, rectangular, —— 
eal, or square. Obviously, the circular and elliptical shapes have been best 
a suited for pipes. Most other shapes have been constructed in place. Materials 


of sewer conduit construction exist as reinforced concrete, vitrified clay, brick» 


and clay tile, asbestos cement, | plastics, reinforced plastics, steel, cast iron, 
and ductile iron. Not all configurations used in sewer conduit construction can : 
‘The effects of ground aie - play an important part in the analysis of sewer | sia 
_ pipeline rehabilitation. Ground water can, at times, rise and fall rapidly creating ? 
as soil pumping action adjacent to “failing g pipe. This has a pronounced effect — 
on infiltration rates. Chemicals in ground water may have a detrimental effect _ 
on certain pipe and joint materials, and may accelerate induced electrolytic tt 
corrosion of metal pipes by stray currents. The movement of ground water | 
can affect the foundation of pipes where backfill materials are not similar and 
‘compaction levels are inconsistent. | 
Sewer pipelines continue to fail in a a variety of ways, and this 
“has become a potential hazard to the public. Several distinct features are quite ” 
apparent in failing sewers. The most common failures are either structural or 
corrosive in nature. These basic failures lead to other problems in sewers such 
as root intrusion, infiltration-inflow, and exfiltration. These occur primarily in 
gravity flow pipes. Corrosive failures are usually attributed to acid corrosion 
of pipe and joint materials susceptible to attack i in the s system. ‘Structural failures 
are those attributable to sewer pipes, manholes, and appurtenant structures, 
_ where corrosion, poor construction, and improper design are evident. 
The most apparent failure to most sanitary sewer pipelines is corrosion. More © 
_ problems can be attributed to corrosion than any other type of failure. Corrosion — 
failures are commonly found in the crown or invert of sewer pipes, joints where 
cement mortar was used, and other areas where acidic corrosion of various 
types and concentrations corrode, over time, the materials used. Corrosion of 
pipe inverts is usually caused by disposal of corrosive and erosive industrial 
wastes, not previously identified. External corrosion of some pipe materials _ 
is also evident in soils containing excessive pH ranges and, as previously stated, 
_ Typical structural failures in sewer pipes are - most ‘commonly found in lines 
_ carrying raw sewage. These failures consist of broken bells and spigots, — 
cracks, beam breaks, slab outs, and shear breaks. One of the most evident — 
and continuing failure sources, structurally, is that of cement mortar _ 
_ deterioration found i in concrete > and vitrified clay pipes. Root intrusion of the 


“eventually breaking the bell or ¢ spigot, or both. A failure at the pipe joint will 
lead to a series of structural failures depending on local conditions. Exfiltration 
of sewage effluent through braken pipe joints can cause washouts and voids 
in the soil surrounding the pipe as well as increased loading onthe pipe. = 
uf Infiltration of ground water can also create adjacent soil voids. Fine sands — 
an and other materials ca can enter the failing | pipe through cracks at defective joints. 7 


— by the Environmental Protection Agency (EPA) where federal funding is involved. a _ 
; _ Sewers may be classified according to their design configuration such as circular, i; ; 
‘ 
| 
PME 1095 OF Ue Pipe ZONE alg COUIG Cause SCUUINE ald eventual 
Street collapse. This occurrence is particulary noticeable during surcharging under 
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"small pipes. Shear breaks © occur - with e2 excessive Je shifting or r dif ferential settlement | 

of soil adjacent to the pipe. Shear breaks are also found in pipes that do not 
have a flexible connection adjacent to structures or manholes. Earthquakes 
are also responsible for shear breaks. Slab outs, usually found in lined and q 
unlined concrete pipes, are small areas of of the pipe wall that fall out, where — 
very fast and highly acidic corrosive concentrations exist. 8 a] 
_ Crown cracks, found in concrete, clay, and asbestos cement pipes, are us usually — 
due to increased loading on a pipe in excess of the original design, improper | 

i strength selection, and inadequate placement of foundation, bedding, and 
= backfill materials. Sagging or bellies in sewer pipes are caused by poor compaction 

displacement of bedding materials in localized areas. 

‘The best rehabilitation method chosen for any sewer pipeline renewal is the 
a that meets the parameters for solving the entire problem, which includes 
‘ghan as well as internal conditions. Considerations will include, but not be ra 

Structural condition of existing pipeline. (yo ni rami? 
2. Corrosive condition of existing pipeline. 
Extent of washouts and voids (external). 
oe Evaluation of seismic potential and soil shifting, or settlement conditions 


related to pipe location (e.g., faultand swamp areas)} 


Several uae conditions in form of minor cracks and joint openings can 
_ be renewed from the inside (to be described further herein); however, most 
- external remedies are performed from above ground or by ¢ excavation adjacent 
_ to the problem pipe. The two common methods of solving problems of significant 
ground-water movement, washouts, settlement , and soil voids are chem 


ical 

External Rehabilitation ‘ te jour 

a... Chemical Grouting.—Chemical grouts consist of ‘solutions of two or are 

chemicals that react to form a gel or a solid precipitate as opposed to cement 

or clay grouts that consist of suspensions of solid particles in a fluid. Reaction 

_ in the solution may be either chemical or physiochemical and may involve only | 

“the constituents of the solution with other ‘Substances encountered in the use 
: 


and form ‘occlusions in channels or r fill voids in the material into which ‘the 
grout has been injected. of werytamise 


_ Most applications of chemical grouts are made into saturated or partially 
saturated formations. The majority of chemical grouting applications are related is 
= to water shutoff rather than strength increase. Such is the case for —— ; 
The basic method of external chemical grouting is to. place a relatively 
impermeable barrier called a grout curtain ‘aot to or r surrounding the pipe. 


{ 
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Tt consists one or more interlocking rows of ‘grouted soil cylinders. Each 
_of the individual cylinders is formed by the injection of grout through a pipe — 4 ; 
or drilled hole which has been placed in the formation, adjacent to the pipeline 7 a 
location. These cylinders should have relatively uniform cross sections throughout 
their depth. For uniformity, it is ; important to grout short sections or stages 
of any individual hole so as to minimize the opportunity for grout to flow | 
5 preferentially throughout the hole depth. In determining actual gel times, it = 
will be found that these are directly related to pumping rates and to stage 
at 
depth. All of these variables cannot be predetermined with great accuracy. — 


a The initial injections of the actual grout curtain are generally used to arrive 
at values for stage length, pumping pressure, and gel time. The diameter of 
the sewer pipeline, the size of problem area, the depth of sewer, and the | zm 
ground-water zones help to determine the spacing between the grouting holes — 
_ and the required number of rows. Economics usually limit ‘the le spacing between 
: “holes to 5 ft (1.5 m) or less and rows to 10 ft (3 m) or less. Par Ors — 
of the most widely used chemical grouts for curtain wall purposes, 
especially in fine soils, is the acrylamide type. Acrylamide grouts are mixed a 
in proportions that produce stiff gels from dilute water solutions, when properly | 
reacted. Several reactants and mixtures of reactants may be used. The gel is 
essentially impermeable to water. A beneficial property of the acrylamide chemical 
Ba is that pumping times in excess of gel times can be utilized due to the 
S low shear strength of the gelled grout. Gel times can be controlled by varying | 
the temperature and the catalyst concentration. This property is effective in 
dilution with ground water and displacement of the 


‘Fie E 1.—List of Some Chemical Grouts. and Sources of Supply 


Manufacturer, producer, 
win Rede Name or distributor 


Acrylamide = | AM-9 AmericanCyanamidCo. 

Cyanaloc | American Cyanamid C< 


Silicate 


Raymond International, Inc. 


All Halliburton Oil Well ‘vat 
Lignosulfonate Terra Firma Concrete Chemicals Co. ond 

Epoxy resin George W. Whitesides Co. 
Polyester American Cyanamid Co. 
Resorcinol-formaldehyde CR-726 pa Catalin Corp. of America 
Aluminum octoate Firmgel Byron Inc, 
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SEWER PIPELINE REHABILITATION 
‘not recommended for external rehabilitation adjacent to sewer pipelines. Acryl- a 
_ amide is a toxic chemical that can be absorbed into the body through broken . 
skin, inhalatio ion, and swallowing. Because of this toxicity, potential 
=] in handling» and usage can occur if not supervised by technically qualified — 
personnel. Additional chemical grouts are listed in Table 1. = 
_ Cement Grouting.—Portland cement grouts can be used for impermeabilization : 
but are restricted in application to medium sands or coarser materials because 
of the larger size of cement particles. For purposes of filling voids and washouts- 


"adjacent to sewer pipelines, various ; portland cements are ideal. Unlike most 
_ chemical grouts, portland cement grouts are less expensive. Several types of 7 
_ portland cements have been used successfully. Type three (III) cement is often 
selected because of its fineness. A variety of water cement ratios can be used 
_ depending on subsurface conditions. Strength characteristics for void filling are 
not critical for soil surrounding buried sewer pipelines. In most cases, grout i 
mixes yielding 500 psi (3,500 kPa)—1,000 psi (6,900 kPa), are adequate and easily — 
obtainable with simple mix designs, attention to water-cement ratios, and — 
~ injectionable mixtures. Clays can be added to cement for grouting to form © 
pels, and to prevent settlement of the cement from suspension. They do, however, 
= _ have the problem of no well-defined setting time, and they have a slow strength 
development. Because of this, they ha have not been utilized in sewer rehabilitation 
Kor extremely large void filling applications other cements such a as pozzolan 


cement and soil-cement mixtures. In addition to the above, portland cement 
_grouts may be used asa a filler and accelerator in silicate grout and may be : 


The following rehabilitation analyses will all be related to methods and materials 
af used for internal sewer pipeline renewal. 4 
_ Chemical Grouting. —Chemical grouting is most t commonly used to seal 
~ teriorated and leaking pipe joints, service connections, and open joints. Small 
diameter pipes represent the largest area of renewal use; however, with special 
7 equipment, large pipes can also be grouted at the joints successfully. The two ¥ 
i basic grouting materials used for internal grouting” of sewer pipelines s are é. 
acrylamide gel and polyurethane foam; however, other special mixes are available. 
Grouting with the acrylamide gel stops the leaks by internally injecting the 
¥. ~~ to the soils surrounding the leaks to decrease their permeability. On the 
other hand, grouting with polyurethane foam seals the leaks by injecting the af 
grout into the cracks and letting it solidify to form a barrier. Neither — 
can be t used as a structural repair for broken, crushed, or or cracked | pipes. oh ae 
_ A catalyst used in setting off and hardening of acrylamide gel has been found i 
to be toxic and hazardous to workers. Polyurethane also reflects some degree 
of toxicity, but not as great as the acrylamide gel. At the present time, nontoxic _ 
= foams, and other materials are being developed and tested by U. S. and a 
‘ foreign manufacturers. It is anticipated that nontoxic materials will be available — 


Before gelation, “the acrylamide ‘grouting ix has a viscosity very close 
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that of water. This ellews: it to penetrate into small leaks and cracks in pipe cog 
walls and to mingle with outside soil particles. The acrylamide gel formed from | 
_ the solution is a translucent, rubbery, and elastic material. Under moist iohiiiieh, 
the gel is resistant to attack by microorganisms, dilute acids, alkalies, and the — 
ordinary salts and gases normally found in the ground. When the gel is formed 

in a soil matrix, , the permeability of the soil is reduced. The degree o of reduction — 

of the permeability depends upon the extent to which the voids are filled with 

the gel. If they are completely filled, the gel-soil mixture is virtually impermeable. 

_ When mixed with an equal amount of water, the polyurethane grout initially S 
foams and then cures to a tough, flexible coliular rubber. The first stage 6h 


and the second stage is" called cure time, | set time, or get ti time. Both the foam 
time and the cure time are temperature-dependent. Generally, the higher the 
temperature the shorter the reaction times. The grout is resistant to most organic _ 
solvents, mild acids, and alkalies and reflects a great degree of elongation with 
“ Grouting of sewer pipe joints with acrylamide gel is generally accomplished 
with a sealing packer and a closed circuit television camera. The sealing packer 
is used to apply the chemical grout to the pipe joint. It is usually made of : 
a hollow metal cylinder which has an inflatable rubber sleeve on each end 
of a center band. For the joint which needs sealing, the chemical grout is 
. ‘pumped into the space created between the two inflated sleeves. In this space, 
. the grout and the initiator solutions are mixed together and squeezed out through 
- the joint leak into the surrounding soil. There the grout displaces the ground 
water and fills the voids between the soil particles. A television camera is 
used to position, remotely, the packer on the pipe joint and to inspect the 
_ joints before and after the sealing operation. The sealing packer and television — 
Be are pulled by cables through a sewer section from manhole to manhole. 


In addition, the air testing equipment is sometimes used to Gctermine the — 


of the joints to check the effectiveness of the sealing. _ 


ij 


_ with the acrylamide gel are followed. A sealing packer, similar to the one used 
for the acrylamide gel, is used for injecting the polyurethane foam. The packer 
_ is made of a hollow metal cylinder with three inflatable sleeves covered by 
a continuous outer sleeve. In operation, the packer is positioned on the joint = 
_ to be grouted with the aid of television camera, and its end sleeves are inflated. 
‘The polymer and water are then introduced into the space created between 
_ the two inflated sleeves, and the foam time begins. At the end of the foam — 
time, the center sleeve of the packer is inflated, forcing the grout into = 
pipe joint. ‘After the cure time ends, the sleeves of the packer are deflated, — 
and the packer i is ‘moved to the next joint. 
_ To determine the integrity of the joints before and after the grouting, a water 
“testing system, rather than an air testing is used for the pressure 
In large diameter sewers where manual access is adequate, leaking joints 


Zz concrete and clay pipes can be injected w with 1 chemical grouts using a nozzle 


‘The initial low cost and speed of chemical grouting lends itself well to 
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SEWER PIPELINE REHABILITATION 
_ undetermined ground-water movement, toxicity problems, and determination 
@ set time have been deterrents to the use of chemical pete eet 4 
Polyester Resin Lining (Cured in Place).—A_ polyester needle felt | tubing, 

to the exact dimensions of the | pipe to be relined, ‘is saturated 
with a thermosetting resin. The purpose of this initially flexible tubing is to 
a new pipe within the damaged original pipe. - 

_ This tubing is tailored to the exact diameter and length of the pipe to a 
renewed. It is inserted into the existing sewer from a manhole or other access 

_ points, or both, without the need for special excavations, with an attached 
angled inversion tube. Once the tube has been fully extended with cold ‘water 

g and pressure forcing it through the existing pipe and pressing the special felt 

material against the inner walls, the water is then heated, curing the resin saturated 
= material and forming a hard impermeable pipe within the domaged original pipe. 7 
4 new lining i is father thin, 1/8 in. mm) up to 3/4 in in. (19 mm), 


“rehabilitation efforts, , the existing 1 sewer ‘must be cleaned thoroughly ¢ to obtain 
the best results. This method for the of cracks, gaps, 


anate not be used. Ef fective chemical resistance makes this | process efrrenad = 
for sewer corrosion parameters. Two chemically resistant resins are available 
for specific applications. A special cutting device is available to cut in-house 
_- service connections with the aid of a television camera to locate the laterial 


prior to we Proper curing of the lining i is important to insure oe 


aan low labor intensity, and rapid installation. To date, the largest installation 


has been 30 in. (760 mm) in diameter. This method requires that the sewer 
be dewatered and cleaned prior to installation. 


‘this will \ vary ‘broadly with the diameter ; and length of the | pipe | to be renewed. | 
_ Sliplining or Pipe Insertion Renewal.—Insertion renewal, that is, inserting at 
new pipe material into the old deteriorated sewer pipeline has become an 
economical and popular method of rehabilitation. A variety of pipe | materials J 
_ may be used, and selection can be justified through certain features, benefits, — 
and economics of materials and installation. Sliplining to date oma 
in the United States has been from 8 in. (200 mm)-108 in. (2,700 mm). At 
“present, , the following materials have been used in the insertion renewal process 
_ Polyethylene Pipe (PE) (Extruded). —Polyethylene pipe is manufactured in three 
types; low, medium, and high density. The most commonly used for sewer © 
sliplining is high density (HDPE). High density compounds are rigid and hard, j 
_ Strong, tough, corrosion-resistant, and well suited for sewer applications. Struc- | 
tural characteristics are a function of wall thickness design, as in most plastics 
and other homogeneous materials. Due to the low modulus of elasticity, careful — 
= consideration should be evaluated in terms of buckling (ring buckling). { 


| 
| diameter. The resin tubing is not designed to carry total external earth loads — ; 
— 
| 
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specifications are available for reference and design: they are ASTM D-1248 


and ASTM D-3350. These standards | apply generally to circular crosssection - 
extruded PE pipe from 8 in. (200 mm-48 in. (1,2000mm),. 
_ Generally PE pipe is pulled through the existing sewer in long lengths. It 
is butt-fuse-welded above ground prior to pulling. The larger the diameter and 
_ thicker the pipe wall, the longer it takes to weld the joints together. The excavation 
required for this method is dependent upon the depth of the sewer, the diameter, 7 
and the wall thickness of the insertion pipe. 
A large-diameter thick wall pipe with large entrance radii ‘requires large 
_ excavation for installation purposes. The pipe is attached to a pulling head, 
and attached to a winch, usually electrical, at the other end of the sewer. 
: Rollers are used above ground to facilitate the movement of the pipe during — 
the pull. The pipe is pulled through the entire section at once. In some cases, 
the wall thickness design stresses cannot tolerate a : a single pull, and multiple - 
_ pulls must be considered. Service connections can be connected by a remote 
a connection system, heat fusion saddle, or tapping saddle. In most cases, except 
_ for some larger diameter sewers, service connections must be excavated, the 
- connection made and then backfilled. Occasionally, when greater nga ll 


negative buoyancy (flotation) of the inserted pipe. Additional pipe design 


4 sewer r length. This process also prevents ground- water migration and al 
considerations should be investigated when grouting is utilized. ere 


2 flexibility of PE pipe allows it to articulate some offset in n joints, manholes, 
and pipe changes. The fusion-welded joints, if properly fused and cured, are 
¥ ‘italy leak free. In most cases, dewatering is required of the existing sewers; . 
however, in some cases of low flow, the annular space may t be adequate to 
Polyethy lene Pipe (Spiral Welded).—This PE product is eniadie the same 
as the previous one with the following exceptions: the manufacturing process, 
size ranges, and design flexibility. Originally a German process, spiral welded é 
PE pipe can be manufactured in sizes from 12 in. (300 mm)-144 in. (3,660 
mm) in diameter, and in virtually any length depending upon the handling criteria. 
he load bearing strength of this pipe is a function of the wall thickness and 
homogeneous rib spacing. The rib spacing can be adjusted in thickness and © 
length to meet the particular structural need of the pipe environment. This 
aw for excellent pipe economics, especially in large diameters. The joining 
of this type of high-density PE pipe is with a bell and spigot, sealed with 
an elastometric gasket or heat-fused joints. . Physical | and chemical ftating, 


i 


are similar to circular extruded PE pipe. Due to the method of manufacturing, 

_ any diameter can be made to the specific dimensions required for the rehabilitation 
_ project. This allows for maximum diameter and a minimum annular space. ng la 
The installation of this product depends on the diameter and length specified. 

_ Economies are obtained by the excavation of a small installation pit when using 
bell and spigot pipe. In many instances, , the pipe may be “inserted while the 
Pipe (PB) —Polybutylene (PB) resembles 


ad era are len cl ified hy stress cracking resistance Two ] Wh 
| | 
| | 
| 
WY 


REHABIL 
Bie: nsity PE pipe in stiffne d al re sistance, but has higher strength 
under sustained stress. gp ‘retains ‘this strength with increasing temperatures. 
“Its upper operating temperature is about 180° F 
applications. As a liner for the sewer renewal process, it is extremely good 
where extra protection is required for temperature and aggressive industrial 

waste effluents. Thinner walls may be used in design when compared to PE 


pipe. Standard d specifications regarding PB Pipe | are ASTM D-2666 and ASTM 


The installation of PB pipe is virtually the same as PE 2 pipe; however, » the oe 


diameter ranges are currently limited to 24 ‘in. (600 
¢ _ Reinforced Plastic Mortar Pipe (RPMP). —The use of RPMP for rehabilitation 
sewers and pipelines | has been significant. RPMP can be used to reline 
extensively cracked, corroded, and severly deteriorated existing sewers of al 

types. Essentially RPMP is inserted into the existing deteriorated sewer using 
20 ft (6 m) lengths and a variety of installation methods. At present, diameters 

ranging from 18 in. (450 mm) to 108 in. (2,700 mm) are available from at least | 
L _RPMP is a thermosetting composite of fiberglass, polyester, and other resins, 


" combined with resin sand matrix. Commonly, | each diameter has a a specified 


minimum wall thickness based upon stiffness factors developed from ring 


compression, ring buckling, and longitudinal compression criteria. RPMP pos- 
- sesses very good chemical resistance and is corrosion-resistant for sewer 
applications. Hydraulic friction is low due to the smooth interior 


wi 


‘elastomeric gasket for sealing. The flow restriction with this joint i is inconsequen- 
- tial , and ‘it allows for a constant | outside diameter, in addition to a large 
; cross- -sectional area to push or jack against. National specifications | ‘relating | 
to ere materials, and testing of RPMP are ASTM D- 3262 and ASTM D- 3517. 


the “existing “sewer is ; exposed, , and the top "half of cro crown is s removed in the 
- ~ipit area. Generally, RPMP can be inserted while the sewage is flowing. A half-full f 
_ sewer for most diameters provides adequate flotation for lining distances —_ ; 
to 5,000 ft (1,500 m) from one installation pit. Lower flows reduce the insertion 
_ distances. RPM pipes are usually pulled or pushed upstream a against the oo : 
flow. In many cases, the installation pit can be set in the center of the pipeline 
reach to be relined, whereby the pipe may be pulled or pushed from two directions. 
Pushing by jacking devices ani pulling with cables and winches provides for 
_ rapid installation of RPMP. Additional installation pits may be required where 
angular offsets occur. Pipe joint offsets are small, and nd relining } curvatures are 
limited to very small allowable angles. 4 je band 
Grouting. the annular s space between the pipes at the manhole connections — 
‘ ‘is required, but grouting of the annular space for the entire pipeline is usually | 


‘not required if the liner is strong siiest to withstand the , anticipated loads 


| 
— 

| 
: 
| 
th RPMP as it exhibits a high modulus of elasticity when compared to © 
| 
: — "approximately 30 ft (9 m) in length and 8 ft (2.4 m) or more in width. The © 7 
» existing sewer must be cleaned prior to the insertion, and restrictions and alignment > i 


in event vent of collapse. ‘High | gril water wae excessive structural deterioration 
sually are the determinants for annular spa space ‘grouting. 
4 - Minimum traffic obstruction, lightweight, high rate of installation, and r tence 
able cost are the apparent advantages of RPMP used for rehabilitation. Limitetions 7 
a in its use consist of the difficulty in making service connections and the minimum _ 
7 . Reinforced Thermosetting Resin Pipe (RTRP)- —Similar in many respects to 
RPMP, RTRP has been used for. rehabilitating sewers. It is inserted into. the: 
existing sewer usually by pulling it through. RTRP is manufactured in diameters - 
from 8 in. (200 mm) to 192 in. (4,900 mm) and in lengths up to 80 ft (24 
* m) depending on diameter. A variety of joining systems are available and consist 
q _ of bell and spigot with an elastomeric gasket, field-wrapped, and locking tension — 
“types. Either one may be used in sewer relining. 
_ RTRP is manufactured from polyester resins, other corrosion-resistant resins, = 
and fiberglass filaments wound on a mandrel or applied inside a mandrel as 
a composite. It exhibits high axial and longitudinal strength in addition to good | 
_ abrasion and erosion resistance. A smooth interior provides low friction factors. _ 
= Installation excavations for RTRP are similar to RPMP, but can vary due 
‘to the choice of lengths and the joining method employed. The existing sewer — 
“must be cleaned. Dewatering is necessary when using RTRP, unless the annular 
_ space has enough capacity to accept the flow. If field-wrapped joints are used, 7 
os should be assembled above ground. Special pulling heads must be made 
_ for attachment to the pipe. The cable and winch system pulls the pipe from _ 
one end of sewer to the other usually from one installation pit. In some cases, 
~ pushing and pulling can be accomplished together. Using thin walls, varying 
lengths, and joining methods, RTRP has additional flexibility in negotiating slightly 
larger angular changes and pipe offsets in the existing sewer than RPMP. — 
Annular space grouting is virtually the same as that described for RPMP. i 
_ The advantages of using RTRP for sliplining are lightweight, , high strength, 
om minimum disruption of t traffic, and a variety systems. Basic 


Mortar Lining (In Place). can 
renewed in deteriorated sewer pipes made of concrete, steel, and iron by applying 
cement mortar on the interior surface. Lining material is usually a 1:2 —— 
cement mortar, using a high sulfate resistant cement. Lining thicknesses are 


: usually 1/4i in. (6 mm) and up. Thickness depends u upon the condition of alaig 
pipe. In pipe diameters below 24 in. (610 mm), reinforcing is not normally 
_ required; however, in diameters above 24 in. (610 mm) that are badly deteriorated, * 
- itis desirable to reinforce the cement-mortar lining with spirally-wound reinforcing 
ia are three methods of applying cement-mortar linings to pipelines in 
place: centrifugal method, reinforced centrifugal, and mandrel process. All _ E 
methods require thorough cleaning and dewatering, 
_ _ Centrifugal Process.—A variable speed winch pulls a revolving mortar a. 
t ing head through the pipe at a specified rate to control lining thickness. Excavation | 
of access openings are required from 500-700 ft (150-200 m), depending “= 
+ the diameters. Large diameter pipes can reduce this req requirement when working 
areas inside the pipe become greater. In addition to the above, etectric generators 


| 
| 
Al | 


are used to ae power to ‘the: winch and the mortar mixer. In sizes above __ 
10 in. (250 mm), troweling is usually done to provide a smoother finish and 
. ultimately a greater carrying capacity. In large sewers, service laterals are usually — 
_ The cost of centrifugal in-place lining depends on a number of standard factors — 


including pipe diameter, pipe length, condition of the line , depth and profile, — 
access, traffic control, and thickness requirement. The greater the length to 
be lined usually reduces the unit costs significantly. Centrifugal in-place lining bi 
is applicable to pipe sizes from 8 in. (200 mm) to 144 in. (3,660 mm). The *; 
current ‘“‘state-of-the-art’’ for this method can be most economical above 24 it 
_ in. (610 mm) in diameter. One of the advantages to this cement lining method - 
7 is that the line can be placed in service 24 hr after the lining process. T his _ 
process is not a speedy one as “compared to other renewal methods, but it ] 
has proven to be effective and in many cases competitive. 
_ Reinforced Centrifugal Lining.—Severly deteriorated sewer pipes, above 24 
in. (600 mm) diam may require additional reinforcement based upon | papell 
- design considerations. This reinforcing process consists of three steps. _A course 4 
of mortar one-half the final lining thickness is placed by the centrifugal machine ie 
: - without troweling. Then a spirally wound reinforcing rod is put in place. The 
size and spacing of the rod are determined by design. After the steel rod has 
been placed, a second course of mortar is spun into place to the final at 
thickness. The spiral rod has two advantages over prefabricated cage steel, 
‘i.e., it requires less steel, and it conforms to the inside contour of the pipeline. S 
The addition of reinforcing and increased time raises the cost of this method — 
_ significantly; however, when compared to gunite and reinforced concrete, it 


_ Mandrel Process.—The mandrel process, invented by an Australian named > 


Tate, is applicable to sewer pipes from 4 in. (100 mm)-16 in. (410 mm) diam 

_ with few service connections. After the line is thoroughly cleaned and dewatered, 
_ the mandrel process can be accomplished. This process uses a pressurized , 

——- technique. A tight-fitting baffle is threaded onto a cable in the pipeline, 
nas and a two-part sand and one-part cement mortar mix is loaded into the pipe | 
against the baffle. A conically-shaped mandrel is then secured to the cable. : 


; _ The mandrel is composed of centering : springs, ‘metering springs, a perforated 
_ The assembly is pulled through the pipe usually for 350 ft (100 m)-450 = 
= m). Back pressure of the baffle forces the mortar over the cone of the — 
mandrel and against the pipe wall. The perforated skirt squeezes out excess — 
_ moisture, and the troweling edge produces a smooth, dense coating. Because 
Of the pressure created during the lining process, service connections —_ 
‘This method has found minimal application in the sewer rehabilitation field 
due to frequent excavations required, slow speed, high cost, and diameter 
a _ Like other cement-based methods, their use is not recommended for rehabili- E 
tation where high sewage temperatures and acidic corrosion are constantly 
prevalent. For all cement lining projects, the sewer must be thoroughly af 


_ Reinforced Gunite Placement.— Large Sewers 


| 


rehabilitated by the Gunite process, which is sand, cement, and water Placed = pA } ~ 

under pressure. Renewal by this process can be for structural purposes as well . 
as interior scouring and erosion. In the case of aggressive sewage, special 

aggregates and high alumina cements may be used. Welded wire mat or a 

rod reinforcing is used for structural gunite applications. = 
Premixed sand and cement in a dry state moves through a material hose 
under pressure to the nozzle. Another hose carries water to the nozzle at a 
it higher pressure than that in the material base . Water is fed through a water 


ring into the dry material stream as it enters the nozzle, and here hydration — 

of the cement starts. The material, mixed only with waulale water to properly a 

place it, continues through the nozzle to the place of deposit. The control of 

the proper amount of water is extremely important, and the application of gunite = 
is greatly dependent upon operator skill and experience. ion et 


-Guniting can be placed under low a flows; however, iti is best to dewater 


gunite is denser with higher © compressive The percent- 
: age of voids is less than half of concrete, and a low permeability rate is obtained. . 
It adheres well to other concrete and brick sewers and is more corrosion-resistant 
than normal concrete. This method is ideally suited for extremely deteriorated oa 
large sewers where men and equipment can work without restriction . Compara- _ 
tively, this method is slower to install than cement mortar linings, but is 
economically feasible. The finish, when troweled, is similar in smoothness to _ 
cement mortar linings and will improve hydraulic characteristics. Long lengths 4 
of sewers may be effectively renewed with few excavations, and minimum 


traffic disruption. The | greater the structural deterioration, the more effective ; 


il 


the | gunite process is ‘compared to cement mortar legs. 

Concrete Placement (Slipform or Fixed Form).—The placement of reinforced 

or nonreinforced concrete for rehabilitation is an effective method of renewing . 
a variety of sewer conduit shapes. Normally, high sulfate-resistant portland c 
cement is used in large diameter sewers where labor and materials can be handled 
_ effectively. In large sewer pipe and tunnels, hand-built forms or prefabricated 

forms are built or installed in the sewer, or both, and concrete is poured around 
them. The forms are removed and reused over and over until the entire sewer 
renewal is completed. The structural condition of the existing conduit determines 
whether or not steel reinforcement is required. Reinforcing steel can be single : 
or multiple layers of welded wire mesh or | hand-laid-up cages attached to the 
deteriorated conduit wall by threaded inserts, , similar to the “Phillips Read Head’”’ 
- One notable installation of this type is the Davern Street Storm Sewer in a 
‘St. Paul, Minn. _A horseshoe sewer tunnel was rehabilitated by inserting 16. 
ft (4.9 m) long prefabricated corrugated aluminum sleeves ir into the tunnel and 
‘pouring concrete around them. This proved to be less costl} 4 
clay tile replacement, or other methods investigated. a 


| 
74 
| 
q 
4 
> 
esign around. ne sewer must De thor oughly cieaned an ewatere prior : 
[a @€=s-:_ to rehabilitation. In many rehabilitation cases, concrete placement is the a 
solution. Seldom is it applicable below 48 in. (1,200 mm). It does, however, _ 
a have renewal applications in ally any shaned cower con = - 
J I Sh ‘tion 


Fd in 4 ft (1. 2 m) lengths, and they overlap: at the joints. The flanges may be 


ainst aggressive sewage when reinforced or nonreinforced concrete is placed, 


rotection can be obtained by the use of mechanically bonded PVC sheet liners. : 
posse liners contain interlocking ribs or T’s to hold them in place while — 
oncrete is curing. These linings are placed on on the forms p prior to pourin 


SEW NER PIPELINE REHABILITATION _ 


: b next section is joined by heat fusing at the joint. The entire PVC ode 
liner is tested with a spark device to check for holes, defects, and a. 
Hydraulic capacities are greatly improved, and corrosion of the concrete is 
virtually eliminated. The cost of the pliable plastic liners i is reasonable; however, 
‘their installation is expensive but extremely effective if installed properly. ogi 

. Fiberglass Reinforced Cement Liners (Segmented). —Fiberglass reinforced | ce- 
‘ment liners are thin panels developed to rehabilitate sewers above 42 in. (1,100 
mm). These linings are segmented to fit the diameter required. Circular, oval, 

_ rectangular, elliptical, ovoid, or V- -shaped sewers can be lined with these linings. 

The linings are manufactured in a 2 composite of cement and glass: fibers. 
The | kine wall thickness is is 3/8 in. | (10 mm); however, this is s occasionally _ 

modified. The linings have high _ mechanical and impact strengths with good 
acid and alkalinity resistance. ‘They are also highly resistant to Sree ae 


4 


After a thorough | line ; cleaning and dewatering, the segments are installed 


e “predrilied for fixing by ‘screw or impact nail gun. The segmented rings are 
located by wedges, and, upon final assembly, the entire section installed is — 
cement pressure grouted. Side laterals are cut in and grouted prior to final 


_ This method provides flexibility t to >» accommodate variations in n grade curvature, : 


ally imposed earth loads; however, they are e effective in providing new fining 
for a structurally sound sewer. The interior smooth surface improves hydraulic | 


Although the segmented sections are light and easy to handle, the installation 
is labor intensive and slow. It is not a recommended method for oy 


: inadequate sewers. Invented i in og these linings a are available o ona custom = 


“salabeanel cement liners, these liners are used predominantly in sewers above — 
42 in. (1,100 mm). Formed in segments with th varying wall thickness, these linings | 
are not structural components, but they do p provide an n adequate corrosive barrier 
and smooth lining for structurally sound, but deteriorated, sewers. 
‘These segmented liners are manufactured from fiberglass and a variety of 
resins from polyester to vinylester. Choices of resins can be made siidive 
to the desired corrosion resistance required. _ This composite of fiberglass and 
resin provides s excellent hydraulic characteristics due to the smooth inner surface. + 
High mechanical and impact strengths are apparent, and resistance to abrasion — 
is good. The linings offer little absorption and no apparent permeability. Wall 
thickness and designs can be varied easily for custom installations, = = —~ 
- The installation of segmented glass reinforced plastic (GRP) liners is not difficult — 

due to the light weight of the segments. . After a thorough cleaning and dewatering, | > 


— #«3C 
a 
j 
j 
the competitive comparability of glass reinforced cement linings. 
» 
| 
| 
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4 or impact fasteners at each joining section. They are blocked in glace. and, 
after the entire section is complete, the total area between the pgp and oe 


replacing them with new ones. When suitable materials and construction methods 
are utilized, this technique may produce the most effective rehabilitation results. 
The cost of this technique, however, ‘is ‘normally much higher than other 
rehabilitation methods, and the time requirement is usually much longer, = 
_ Replacement is normally considered for application under one or more of a 


In locations where pipes have lost their integrity and are 


crushed, broken, or badly deteriorated and cracked. td 
2. In cases where pipe size enlargement, change in grade, or «pe realinement _ = 
“aren neoded i in n addition to > pipe deficiency corrections. ; 4 


- soil m movement, ‘increasing traffic load ») have been identified, and it is roion, 
to prevent the reoccurence of these damages by replacing the existing pipes 


_ with new ones having higher quality and greater strength. 


b Just as for new ‘sewer construction, this rehabilitation method may require 
the removal of pavement, disruption of traffic, dewatering, well- -pointing, shoring, 
interference with utilities and structures, and repavement. In addition, during 


TABLE 2.—Correction Methods 


2. Polyester resin lining 


om Sliplining—reinforced plastic mortar pipe—RPMP tod 
Shiplining—reinforced thermosetting resin pi 


. Concrete placement j= 
. Concrete placement with PVC sheet liners 


. Glass reinforced cement liners (segmented) — 
). Glass reinforced plastic liners (segmented) 
». Excavation and replacement or repair BOR, 


on 


t 


it description 

High ground-water 
flow in pipe zone 
External voids adj. 
topipe 
small 


Small diameter 6 


TABLE 3. 3. —Setestion Chart: Sanitary Sewer Pipeline Rehabilitation Methods 
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joints 
Leaking offset 


|Complete 


Open joints & sag- 
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Leaking service 
Collapsed pipe 
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| Loss of pipe zone 
support 
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dewatering 
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dewatering 
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dewatering 
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| 
Complete 
dewatering 


Complete 
2 dewatering 
dewatering 


Some dewa- 
tering 


men 
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T Thorough 
cleaning 
Depends on 
method 
Thorough 
cleaning 


Thorough 
cleaning 
Thorough rf 


cleaning 
Sf 


“Thorough 


‘Thorough 


q cleaning 
required 


Thorough 
cleaning 


Thorough 


lane: gene 


Thorough 


Remarks. 
Check fluctuation 

and backfill soil 
conditions 


quired of ma- 


Check angular 
Check ground- 
water move-_ 
and levels 
Determine struc- 
tural condition 


‘If using B-3, ‘i 


‘Space grouting 
Check 
ground- water 
movement 
‘Determine soil 


settlement and 
damage extent 


Use A2if pipe 


has not sagged 


B-1 is not struc- 


"sate type, slip- 
dining if exces- 
*B-2 to 30 in. (760 


mm), check 


angular offsets 

Fill annular space 
“ts if high ground- 
 watermove- 
ment Sok 


correction | requirements | requirements 

we a ae Careful control re- ag 
B-1, 2, 3, 16 
B-2, 3, 10, 16 | 
— 
10 
&g Thorough So Check structural 

i B-1, 2°, 3,6 

> B-1*, 3, 4, 6, 


1981 


a 
slab outs annular space if 
12, 14, 4 all structurally un- 
3, 6,7, 16 roug Remove collapsed 
cleaning oes portion; cement 


Flow reduc- Not required In large pipe B- 16 


Loss of pipe zone AS Check method Use A-2 if pipe 
Crown or invert | 1, | Check method Clean if in- 
Loss of tile liners -3, 4, 6, 7, Thorough Remove all loose 
11, 12, 14, cleaning =| tile or brick; 
1S, 16 sandblast if pees 


{ Faulty taps and Flow reduc- required In some cases 


inside large 

iw sk. diameter 
Rebar r corrosion B-3, 4, 6, Check structural 


“be bypassed. All the costs involved in these tasks should be considered when 
this technique with other rehabilitation techniques. 


¥ 


It is extremely important to evaluate the physical condition of the existing 
sewer to adequately determine = best rehabilitation method and the most a 
In most | cases, the rehabilitation of sewer pipelines can be accomplished 

effectively and at a lower cost than excavation and replacement (see Table 


aa Many ur unique materials and techniques are available for sewer pipeline rehabili- ~ 

_ tation, and consideration should be given to external problems as well as internal 
problems. The diameter, cross section, variation i in flow, number of connections, 

dewatering requirements, access, location, depth and nature of the effluent, 
movement of the ground water, amount of extraneous flow, and soil settlement 
conditions are all additional factors of rehabilitation evaluation concern, = 
_ External grouting and void filling help to solve ground-water infiltration, sewage 
exfiltration, and settlement problems. Chemical grouting, sliplining with various © 

_ pipes, and placement of several mechanical and cementatious materials are the 


basic known techniques. currently utilized in sewer pipeline rehabilitation. — 


4 
18 Leaking connec- | A-l. B-1. 16 | 
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_ Journal or on any paper presented at any Specialty Conference or other meeting, the Proceedings 
of which have been published by ASCE. Discussion of a paper/technical note is open to 
anyone who has significant comments or questions regarding the content of the paper / technical 
ro note. Discussions are accepted for a period of 4 months following the date of publication he 
Of a paper/technical note and they should be sent to the Manager of Technical and Professional ro 


Publications, ASCE, 345 East 47th Street, New York, N.Y. 10017. The Gocussion period may 
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his ASCE membership grade (if applicable), 
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note, the date and name of the Journal in which it appeared, and the original author’s name. “a 
Note that the discusser’ s identification footnote should follow consecutively from the ——— 


1 and 2, the first Discussion would begin with footnote 3, and subsequent Discussions would P 
continue in sequence, 
Figures supplied by the discusser should be designated by letters, starting with A. This also 


applies separately to tables and references. In referring to a figure, table, or reference that 
appeared in the original paper /technical note use the same number used in the origina ¥% 

It is suggested that potential discussers request a copy of the ASCE Authors’ Guide to 
the Publications - ASCE wile more — information on preparation and submission of 
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Robert C. Deen,* James H. Havens,’ 
S. Rahal,* and W. Vernon Azevedo” 


a 


: ughter’s perception probably goes far beyond the point of bis questions. 
The drag theory provides a basis for spacing expansion joints. _ Forces may ‘a 
ra be ‘visualized as transient or standing | waves of uniform ot or varying amplitude 
along the longitudinal a» axis of a "pavement . Some sections may be in the sun > 
while others may be shaded at a given time. To understand the mechanics, 
visualize a midsection of pavement held fixed by gravity. When the temperature 
rises, the ends are unconstrained, the resistance will be due to drag only. If 
the compressive strength is 5,000 psi (35 MPa) and if the coefficient of friction — 
between 1 the pavement and foundation is unity, it is uniquely determined that o 


“the ¢ compressive stress in the concrete at the midsection is 5,000 psi (35 MPa) 
when the length of pavement is 5,000 ft (1,500 m) in each direction [temperature 
_ tise of 100° F (38° C)]. Explosive failure (blowup) would occur—fatigue would — 
occur in less critical situations. Now, visualize sawed contraction joints that 
reduce the bearing area 30%. ‘Then | the critical length of pavement | is 3, 500 
ft (1,100 m) in each direction from the midsection when the compressive e strength 

is 5,000 psi (35 MPa). Visualize further a relief (expansion) joint at the midsection * 

‘resisting compression with a nearly constant back pressure of 2,000 psi (14 
MPa). Surely this stress would not be damaging to 5,000-lb (35-MPa) concrete | 
_ when bearing on the full cross section; however, the same force of thrust bearing 
on a sawed- “type contraction joint would magnify the stress (1 + + 0.70 = 1.43 
- times) in this example to 2,857 psi (19.7 MPa), which surely / would fatigue — 
—3,500-pound (24.1-MPa) concrete. For sake of brevity, consider relief joints 
- capable of exerting a — pressure of 2; 000 p psi (14 MPa) at 2, 000-ft (610-m) © 


arises exceeding the restoring pressure (exerted by the expansion joint filler) = 
by at least 2,0 000 Psi (14 MPa) (drag resistance). ‘This force c cannot be be generated &. 
within the section or from the ends. Sections or slabs would not “necessarily 
-" move downgrade nor would blowups concentrate at sags. This tendency has 
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Bear in . mind that the interval between tension cracks eens silent the 

tensile strength of the concrete at the onset of the first critical shrinkage or 
Bev sgrsecconst contraction. If there were no sawed (reduced) cross sections, the 

crack interval in feet would be equal to the tensile strength (stress) in pounds 

per square inch. If the cracking initiates randomly and an occasional interval 

slightly less than 2 occurs, an intervening crack will not occur, 
~) _ Compression at joints (sawed) causes insidious fatigue and eventually becomes 


apparent as D cracking. at some joints mé may be stronger than at t others. 


F Compression would tend t to be uniform. AS fatigue and deterioration progress, 

the weaker locations crumble or blow up—thus relieving the stress at joints — 
= Even so, a regularity of interval evolves. The blowup or bump-type __ 
- failure will be found at 1 /2-mile-1- ‘mile (0.8- km- 1.6-km) intervals in pavements -_ 

made of ordinary, good concrete. Certainly, some pavements endure longer 
than others before concretes tend to blow up 


Discussion by Philip P. Brown,* F. ASCE, Michael pe hes M. ASCE 


| Jol ad) a6 and = 

7 Since 1969 the Naval Facilities Engineering Command has been using a 
quantified statistically based condition survey procedure for rating the airfield _ 
| pavements at approximately 75 Naval and Marine Corps airfields throughout — 
the world. These ratings have been used as a basis for establishing the need 

_ and priority for repair. The pavement condition index (PCI) procedures described 

by the authors have the same basic < objectives and many of the techniques — ; 
utilized in the Navy method. There are significant | differences, however, in 

. the weighting of defects which warrant discussion, 
In the PCI procedure, ‘‘deduct values’”” were developed and adjusted to fit > J 
F curve of judgmental ratings by experienced engineers. The Navy developed — 


severity weights’’ based on an assessment of operational and iain 
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_ maintenance personnel as well as to experienced pavement — 


LL 1. Does the defect affect the safe operation of aircraft now? eee 


"< Will the defect lead to increased airfield maintenance effort within 1 yr-2 


3. Will the defect lead to increased aircraft operational costs within | yr-2 
Will the « defect result in significant deterioration of load carrying capacity 
Will the defect lead to unsafe aircraft operations within 
These questions were. paraphrased from criteria let's as the ‘basis’ for for a 
_ comprehensive Navy maintenance management plan for all facilities. Of these _ 
five questions, a positive answer to the first was given twice the weight of 
the following four. Answers were tabulated separately for 11 types of defects: 
in both concrete and asphalt pavements. The assigned weights were determined 
as the sum of scoresforeachdefecttype, 
-. Another major difference in the Navy condition evaluation procedure is an 
> ‘sdjestment in the severity weights for environmental factors. Severity weights 
are Scaled down for an individual airfield which is not to a freezing 


1 a adesert area. Each of these environmental factors has an effect o on n the significance 


of occurrence of various defects. For example, defective joint seal material - 
_is of greater concern in areas of heavy rainfall, or a poor draining subgrade, 
or in areas where blow sand can infiltrate joints. Similarly, when considering 


_ asphalt pavement defects, , surface ravelling is more likely to progress ina freezing _ 
_ climate than in a temperate climate. Although the environmental modifiers are “ 
largely judgmental, their use has been found to be necessary in assigning repair 
ap among airfields in various regions of the country, its 
_ The purpose of the Navy’s approach was to improve on the earlier condition 

rating procedures which subjectively ri rated pavements as s “‘good,’ “fair, “poor,” 


structural defects than on functional defects. Some older : rating systems consid- 
ered a crack (transverse or longitudinal) in a concrete pavement to be a major 
defect, while surface spalling was minor. In regard to operational suitability, 
&§ latter defect can be much more serious. The PCI procedures appear to 
have taken vem into account through | the use of three severity level ‘scales: 4 
present, the Air Force or Navy condition evaluation 
can adequately account for the operational importance of one pavement area ~ 
or airfield over another. Although it is possible to develop uniform and systematic 7 
condition ratings which provide a tool for allocating maintenance funds, it bes 
not | been Possible to incorporate the airfield mission as a factor in the ‘System. . 
_Forexample, individual Navy Air Commands frequently override condition survey y 


priorities to maintain its major airfields in a superior state of repair. The Navy © 


requirements. Severity weights of various pavement defects were developed 
= 
| 
f 
4 
| 
i 
: —_— es plans to address this problem in a current program to develop an improved _ 
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AND CHOICE IN VIOR Mopets* 


Page 430, paragraph 2, line 1: Should read ‘ my ‘In another situation, captives are 
included in the calibration data.’ ’ fastens of allt “In another situation, captive 
are included i in the calibration data.’ 

_ ‘Page 433, Fig. 1: Caption should read ‘‘True and Biased MNL Models for | 
- Data With and Without Captives Included (Auto Captives Predominating—Auto 
Probabilities)’’ instead of ‘‘True and Biased MNL Models for Data With and 
Without Captives (Included: Auto Captives Predominating—Auto Probabilities)” _ 
Page 433, Fig. 2: Caption should read ‘“‘True and Biased MNL Models for 


Data With and Without Captives Included (Auto Captives Predominating—Bus 


“Without Captives (Included: Auto Captives Predominating—Bus Probables)” 


"Discussion by Stephen F. Brown’ and Janet M. Brunton 
The authors are to be complimented on presenting procedures which make , 


limitations of the method of. ‘equivalent ‘thickness for pavement paras and 
; would also point out that there are certain errors in the text of the paper. 
- They do so against the background of having performed for the authors the 
_ computations using the BISTRO (13) and PONOS (5) programs, which were | 
used as the basis for assessing | the accuracy of ‘the more approximate ca calculations 
which they outlined in the pap per. 
: The symbol in Eq. 8 is not the same as that appearing subsequently oe 
defined in Appendix II as ‘“‘number of layers.’’ In Eq. 8 it should be defined | 
“July, 1980, by Peter R. Stopher (Proc. Paper 15566), 
* September, 1980, by Per Ullidtz and Kenneth R. Peattie (Proc. Paper 15682). 
Reader in Civ. Engrg., Univ. of Nottingham, Nottingham NG7 2RD, England. =A 
“Sr. Research Asst., of NG7 2RD, England. | 
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0.83 log @ 
= stiffness modulus of bitumen, in megapascals. ie lo 
In Eq. 18 the exponent 3 should (3/2 giving Roussinesg expression 


q. 14, which presents a general expression for the equivalent thickness of — a 


the top (m — 1) layers in ann layer system, shouldbe eye 


= (25) 


in which f, = 1.0and/f, tof, = 

An exception to this is the case fora two- layer “em when the singe correction 
es is given by the authors as 0.9, =. ee 


Furthermore, if the different values of known for the 
various layers, then the cube root term in Eq. 25 becomes (E,¢ (I —v, wh. / [E,, a 
— There are certain restrictions to the use of the MET which should be —— 
examined. The condition that no layer should be thinner than half the radius a 
of the loaded area eff ectively eliminates analysis of problems with layers thinner 
than about 60 mm. Therefore, for  instanee, 6 } Separate asphalt wearing course — 
‘The necessity to ensure that E,/E,,, is greater than two is a more serious ; 
restriction. This s effectively means t that all asphalt | layers” need to be combined 
_ into a single one for analysis, since wearing courses, ifor instance, are usually 
less stiff than bases. For an approximate procedure, it is quite reasonable to 
consider all the asphaltic layers together, but the authors have implied that 
_ their method may be used for a multilayered system. Most pavement structures 
: can realistically be modelled by a two- or three-layered system and perhaps 
the MET should be restricted to these fairly simple cases. vveweie> bas Wisw 
Integration of the Boussinesq solution for a point load cannot: readily be 
i performed to deal with a uniformly distributed load except to provide solutions nd 
on the axis of symmetry. The authors, therefore, suggest that in such cases, _ 
for systems with a stiff top layer, the point load solution will usually give 
a "satisfactory results. They should give more specific guidance than this to potential nS 
= as the off-axis solution is of wide interest, particularly when dealing with © * 
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by the results with those ‘obtained using 


_ BISTRO or CHEVRON for pavement analysis. Further computations have been 
performed by the writers as part of an exercise of assessing the MET procedures. 
The) writers used a wide Tange of values for elastic modulus and layer thickness 


_ MET san compared with ‘those from BISTRO in a a similar way “to Table 8 ea 

in the paper. Comparisons are presented in Table 10. The means (@) and standard © 

deviations (s) i of the ratio: Swain computed by MET/Strain computed by 

‘The writers’ results indicate that. the of the MET is less 

TABLE of Strain by MET and BISTRO 


center 
center 
off-center 
e, off- 

‘= off-center 


TABLE. 11 of Pavement Lives Based on MET with Town Based on 


geenter 1.05 0.24 0.81- 129 


impressive was in the paper. This points to the need for. a more 
careful and exhaustive check of MET results over a wide range of conditions, : 
“$0 that users are aware of the accuracy of the results they may obtain. @ 


Another way of assessing the reliability of MET is to examine the 


The “subgrade s strain can be used to estimate life in 1 terms of standard axles - j 
(N) to - a critical rut depth of 20 mm using the equation Spa er ce 
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in which €, €, is in microstrain. 


hile f t 1 conti sly 


-Egs. 27- are taken from Brown (18). “Making use of the in 
8 of the paper, the writers compiled Table 11 to indicate the ratios of lives — 
calculated by MET strains to those based on BISTRO strains. The rather large * 
_ range of lives indicated in Col. 5 of ‘Table 11 again calls into question the ¥ 
18. S. F., ‘“‘An Introduction to the Analytical Design o of Semen” 
of Nottingham, Nottingham, England, 1980. init 
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n in the asphalt layer may be used to estimate _ 
ession depending on the actual asphalt mix involved. _ 
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